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Abstract
Flow structures in bubbly flows with a tailored bubble size
with and without liquid co-flow
Corné Muilwijk
The aim of this thesis is to provide experimental data on bubbly flows
for validation of Computational Fluid Dynamics simulations. There-
fore, a new experimental facility was developed to study the inter-
action of two vertical, initially separated, parallel bubbly flows in a
rectangular channel of 0.40×0.20×2.63 m (W×D×H). The superficial
gas and liquid velocities for each inlet were independently controlled
and a large variety of unique a-symmetric bubble column configura-
tions was investigated.
Two multi-needle gas spargers, each comprising 14×14 needles in a
square perforated grid, produced uniform large (4-8 mm) bubbles.
Preparatory experiments in a downscaled setup, to study bubble for-
mation rates and spreading rates of a single bubble train, yielded a
novel correlation for the bubble diameter as a function of the gas
flow rate, liquid co-flow velocity and needle diameter. Operating
regimes were identified for which bubbles were formed individually.
Bubble formation rates for the multi-needle gas sparger, determined
with high-speed imaging and a novel acoustic technique, agreed very
well with those for a single needle bubbling under similar conditions.
Void fraction measurements in the large test-setup resulted in a new
correlation for the gas hold-up. Lateral profiles of the bubble velocity
were measured by using optical fibres and compared with parcel ve-
locities obtained by using Bubble Image Velocimetry (BIV). Unique
data on chord length distributions was obtained as the bubble size
was uniform and accurately described by the developed correlation.
The effects of a-symmetric gas sparging and (non-)uniform co-flow
on the flow patterns were illustrated by contour plots of the bubble
velocity magnitude and root-mean-square velocity fluctuations. An
operating map was constructed to predict a-symmetric operating con-
ditions for which both inlets yield equally sized bubbles and equal gas
fractions, such that flow patterns appeared without buoyancy driven
flow structures showing up. Vortex roll-up and circulatory motions
were observed under certain conditions.
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In this chapter an introduction to bubbly flows is given and the industrial relevance
thereof. The research gap is identified and the research aims and objectives of the
completed work is given. Finally, the thesis outline is detailed on a per-chapter
basis.
1.1 Bubbly flows
Gas-liquid contacting is one of the most important operations in (bio)chemical
industries for manufacturing various chemical products or yeast extracts, and for
waste water treatment. Dispersed bubbles in a bubble column reactor rise to the
surface due to the density difference and provide (low-shear) mixing and excellent
interfacial heat and mass transfer. These bubble column reactors are found in a
wide variety of sizes, aspect ratios and configurations, e.g. in the form of aerated
stirred vessels, continuous co/counter-current bubble columns, or air-lift reac-
tors with internals to create a separate riser and downcomer section. Important
characteristics of bubble column reactors are the (overall) gas hold-up, interfacial
area and mixing time. However, industrial multiphase reactors are generally very
large in size and the governing multiphase and multi-scale hydrodynamics are
very complex. Although such bubbly gas-liquid flows have been widely studied
and many excellent reviews are available, the complex hydrodynamics particu-
larly in the heterogeneous flow regime is still poorly understood [Abdulmouti
(2014a,b); Besagni et al. (2018); Kulkarni and Joshi (2005); Mudde (2005)].
1
1. Introduction
1.1.1 Homogeneous vs. heterogeneous bubbly flow
Dispersed bubbly flows are restricted to low and moderate void fractions and can
be either homogeneous, pseudo-homogeneous, or heterogeneous [Besagni et al.
(2018)]. Bubble columns with a rather uniform gas distributor system and at
low void fractions may exhibit a homogeneous flow regime in which small bub-
bles rise steadily, uniformly and essentially vertically. In the industrially more
relevant heterogeneous bubbly regime, prompted by supplying gas bubbles via
some ring/spider sparger or porous stones and at higher void fractions, transient
self-organizing vortical structures [Groen et al. (1996)] with highly fluctuating
velocities and gas fractions and with continuous bubble coalescence and breakup
are typical. The transition between these regimes depends on factors such as:
 bubble column dimensions;
 sparger size with respect to column diameter, which is relevant for the
homogeneity of the gas distribution; and
 sparger design, which determines the (initial) bubble size distribution.
Generally, this transition is at a superficial gas velocity in the order of 5 cm/s
[Shnip et al. (1992)], at a void fraction of ≈30% for spherical bubbles or between
10-15% for ellipsoidal bubbles [León-Becerril and Liné (2001)]. Transition to a
heterogeneous bubbly flow was substantially delayed by using a fine needle sparger
as in Harteveld et al. (2008) and Mudde et al. (2009), where small, uniformly
sized bubbles of ≈4 mm, even at high superficial gas velocities, were very evenly
distributed and homogeneous bubbly flows were observed up to a superficial gas
velocity of 8 cm/s and a void fraction of 55%. The sign change of the lift force
coefficient at a bubble diameter of ≈5-6 mm [Tomiyama et al. (2002); Ziegenhein
et al. (2018)] may then promote destabilization of bubbly flows with large bubbles,
as small bubbles migrate horizontally in a liquid shear flow to the low velocity
side (neutralizing velocity gradients), and large bubbles vice versa (amplifying
velocity gradients).
1.1.2 Computational Fluid Dynamics
Computational Fluid Dynamics (CFD), where flow patterns and mixing behavior
can be simulated through solving a set of complex equations using powerful com-
puters, has been adopted as a very useful tool for designing industrial equipment
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[Dhotre et al. (2004); McClure et al. (2016)]. As experiments are not always ade-
quate or scalable from small to larger scale, the performance of a newly designed
piece of (industrially sized) equipment can be assessed using CFD. There are three
common approaches to study multiphase flows numerically [Yang et al. (2007)],
e.g. by means of Direct Numerical Simulations (DNS), Eulerian-Lagrangian (E-
L), and Eulerian-Eulerian (E-E) methods.
For DNS, as in Balcázar et al. (2017); Krishna and Baten (1999); Tryggva-
son et al. (2006), the coupled mass and momentum conservation (Navier-Stokes)
equations are solved directly on a fine computational mesh, such that all time
and length scales are resolved. An interface capturing algorithm is then involved
to track the bubbles. This method is computationally very demanding, hence,
limited to small geometries (low Reynolds numbers), and/or to a small amount
of bubbles in a periodic box. Information on a small scale, e.g. drag reduction
in dense bubble swarms [Roghair et al. (2011b)], the development of a bubble
train [Ma et al. (2012)], bubble formation [Ohta et al. (2011); Simmons et al.
(2015)], and data on bubble shapes [Yujie et al. (2012)], bubble trajectories,
bubble-bubble interactions [Buwa et al. (2007)], bubble-induced liquid velocities
[Islam et al. (2015)] and power spectral densities [Roghair et al. (2011)] may be
obtained from these simulations.
A more comprehensive way for modeling a dispersed bubbly flow is by means
of Lagrangian particle (bubble) tracking as in Climent and Magnaudet (2006);
Sommerfeld et al. (2003), where the liquid phase is simulated as a continuous
phase (RANS or LES) and the trajectories of a finite amount of discrete bubbles
are calculated from force balances (for each bubble). For dilute bubbly flows,
two-way coupling may suffice [Dhotre et al. (2013)], whereas for dense bubbly
flows, a 4-way (volumetric) coupling [Shams et al. (2011)] is required.
E-E CFD simulations, where both phases are modeled as interpenetrating
fluids (two-fluid model), are computationally the most efficient. Large scale flow
behavior and gas fraction distributions can be simulated for industrially sized
equipment. However, numerous (empirical) models are required for modeling
the phase interaction forces such as drag, virtual mass, lift, wall lubrication and
lateral dispersion [Dhotre et al. (2013); Liao et al. (2015)], as well as for bubble-
induced turbulence [Khan et al. (2017); Masood and Delgado (2014); Pourtousi
et al. (2014); Rzehak et al. (2017); Rzehak and Krepper (2013a,b); Rzehak and




To validate CFD models and the on-going development thereof, high quality
experimental data obtained with sophisticated measurement equipment is very
scarce, but hugely important. Meticulously described experimental data, in the
form of gas fractions, bubble and liquid velocities, turbulence properties, accom-
panied with good knowledge of the bubble size distribution, are vitally important
to derive (models for) the mentioned phase interaction forces and to validate CFD
simulations [McClure et al. (2014); Van Den Akker (1998b)].
Although all the numerical (sub)models dealing with interphase momentum
transfer and bubble-induced turbulence are a strong function of the (local) bub-
ble diameter, void fraction and the relative (slip) velocity, often a single bubble
diameter is specified. This implies that the (initial) bubble size distribution,
coalescence/break-up and bubble growth/shrinkage with column height are ig-
nored. While many (industrial) bubble columns (in the heterogeneous regime)
show a bubble size distribution, assuming a single constant bubble rise velocity is
a strong oversimplification. In a recent study of Hussain et al. (2018) a population
balance model, containing kernels for bubble coalescence and break-up rates, was
adopted to account for a high disparity in the bubble size at the cost of includ-
ing complicated and time consuming numerical routines and convergence issues.
While using more complex numerical models, to account for different bubble sizes,
may lead to counteracting behavior of sub-models or, eventually, to unphysical
CFD results, it is also likely to loose sight of the performance of each individual
submodel. Experimental data on local bubble size distributions as well as on
breakup/coalescence rates are then also required to validate these models.
It therefore looks necessary to disentangle the effects of bubble size distri-
bution (mono-, bi-, multi-dispersity) and non-uniform gas sparging to provide
further insight in the behavior of bubbly flows and to obtain valuable validation
material for multiphase CFD codes. As a bubble size distribution also results in a
range of bubble rise velocities, bubble collision rates increase and swarming effects
start to play a role. In this regime, with significant bubble-bubble interactions
(including bubble overtaking), lateral dispersion is enhanced, which may interfere
with (the model predictions for) bubble induced turbulence. Van den Berg et al.
(2006) claim that the effect of bubbles on turbulence depends on the ratio of
kinetic energy due to bubble motion and turbulent kinetic energy of the veloc-
ity fluctuations. The effect of bubbles on the power spectral densities is studied
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numerically [Riboux et al. (2013)] and experimentally [Rensen et al. (2005)], but
more experiments with uniform bubbles, are required to study the interplay of
bubble induced turbulence, shear induced turbulence and lateral dispersion due
to a disparity in bubble sizes.
Upon that, a ”bubbly mixing layer” test setup shows high potential to study
the effect of bubbles in turbulent shear flows. A mixing layer is a paradigmatic
case where two parallel streams of a different velocity or density are mixed down-
stream a trailing edge of a splitter plate [Braud et al. (2004); Brown and Roshko
(1974); Delville et al. (1999); Koochesfahani and Dimotakis (1986); Oster and
Wygnanski (1982); Vreman et al. (1997); Winant and Browand (1974)]. The
development of the mean velocity in a single-phase mixing layer is found to be
self-similar with a spreading rate dependent on the velocity or density gradi-
ent. The hydrodynamics of two-phase mixing layers may be dominated by larger
self-organizing vortical flow structures [Alméras et al. (2018); De Tournemine and
Roig (2010); Roig et al. (1998)]. Only few studies have been performed on bubbly
mixing layers [Ayed et al. (2007); Climent and Magnaudet (2006); De Tournem-
ine and Roig (2010); Ning et al. (2009); Roig et al. (1998); Sene et al. (1994)] and
in most cases the bubbles were small and/or the mono-dispersity was poor. The
intention is to produce uniform larger bubbles than in other bubble columns as
larger bubbles are (1) of more industrial relevance; (2) the rise velocity of indi-
vidual gas bubbles in the range 4-8 mm is rather constant, viz. 23.5-24.5 cm/s
[Clift et al. (1978)] such that lateral dispersion is mitigated, even if the bubble
size is somewhat dispersed; and (3) more practical from an experimental point of
view due to a reduced interfacial area density and better optical accessibility for
Laser Doppler Velocimetry experiments (LDV) [Mudde et al. (1998)].
Such a mixing layer with uniformly dispersed uniform bubbles then offers
an excellent opportunity to investigate the influence of bubbles on the (shear-
induced) turbulence or to study the occurrence of self-organizing vortical struc-
tures in a bubble column. Experimental data with a uniform bubble diameter can
then be generated to distinguish between effects caused by a swarm of uniform
bubbles or more complicated interactions between non-uniformly sized bubbles.
Observations on the lateral migration of bubbles in the liquid shear region af-
ter the trailing edge of the splitter plate may provide valuable data to calibrate
models for (the sign change of) the lift force coefficient.
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1.3 Scope of this thesis
The main objective of this study is to generate experimental data advantageous
for CFD validation. To this end, a novel large-scale bubbly-flow test rig (”the Lim-
BuRig”) was developed to study the interaction of two, initially separated, verti-
cal bubbly flows. The setup is designed to operate under various (a-symmetric)
conditions such that a wide range of bubbly flows (e.g. void fractions, liquid ve-
locities, bubble velocities, shear rates, bubble size distributions) can be covered.
Special attention was paid to create bubbly flows with a maximally uni-
form bubble size or sharp bimodal initial bubble distribution, homogeneously
distributed across the horizontal cross-section of the column. In this way, data
for CFD validation can be provided for various operating conditions, while the
assumption of a single bubble bubble size (or bi-modal bubble size distribution)
is valid for testing the computational kernels dealing with interfacial momentum
transfer and bubble induced turbulence.
For producing uniform large bubbles, the flow channel is equipped with finely
machined bubble injectors. To accurately predict bubble formation rates and size
distributions, preparatory experiments, including high-speed imaging and LDV,
were performed on a smaller test facility (with a single submerged nozzle), to
assist in the design (e.g. needle diameter, length and amount of needles) of these
multi-needle gas spargers. The goal is to determine bubble formation rates and
develop a correlation for the detachment bubble size as a function of the needle
size, gas flow rate and co-flow velocity, and to find operating conditions for which
uniformly sized bubbles are formed in a controllable manner. The data on bubble
formation (bubble sizes, shapes) as well as on the development of a bubble train
(liquid velocities), also serve valuable material for CFD development/validation
purposes, for e.g. DNS, BIM and phase interaction forces in E-L, E-E simulations.
The aim is then to characterize the performance of the gas sparger in terms
of bubble formation rates, bubble diameters and chord length distributions as
functions of the superficial gas and liquid velocities. The bubble column charac-
teristics, e.g. the gas hold-up curve and bubble (slip) velocities are measured for
uniform operation (with and without a uniform liquid co-flow) and compared to
results reported in relevant literature.
The effect of a-symmetric gas sparging as well as the effect of a (uniform or
a-symmetric) liquid co-flow on the flow patterns is investigated. Dual-tip optical
fibres (OFPs) are utilized to measure (local) gas fractions, bubble velocities, and
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chord lengths, and an image correlation technique (Bubble Image Velocimetry,
BIV) is adopted to analyze global flow structures of bubble parcel velocities.
The sensitivity of the flow behavior towards (small) imbalances in the superficial
gas velocity is studied for various uniform co-flow velocities. The emergence
of buoyancy driven flow structures, due to a-symmetric gas sparging and/or a-
symmetric liquid co-flow, is investigated and (a-symmetric) operating conditions
are identified for which there are no gas fraction gradients, such that the bubble
motion is governed by advection and no buoyancy driven flow structures arise.
Local gas fractions and bubble velocity measurements (OFP) in combination with
the global flow patterns measurements (BIV) obtained through a systematic study
in a large test facility then yields useful data for the development of E-E CFD
simulations.
1.4 Thesis Outline
The remaining chapters of this dissertation are presented in the order of increasing
scale and complexity. First, experiments on bubble formation and single bubble
train are presented. Then, a detailed description of ”the LimBuRig” is given along
with experimental data on bubbly flows with uniform gas sparging and liquid co-
flow. Finally, results are shown for a-symmetric bubble column configurations.
The outline of the thesis is then as follows:
Chapter 2 presents an experimental study on the formation of bubbles from var-
ious single submerged nozzles for different gas flow rates and liquid co-flow ve-
locities. Bubbling regimes of steady single bubble formation were identified and
compared with literature. A correlation was developed to calculate the bubble
diameter as a function of gas flow rate, liquid co-flow velocity and needle diameter
to assist in the design of the multi-needle gas sparger.
Chapter 3 shows Laser Doppler Velocimetry experiments on the development
of a bubble plume formed from a single nozzle. The plume width and liquid
entrainment rate by a single bubble train was measured for various gas flow (and




Chapter 4 presents the design of test facility and first results. Detailed technical
CAD drawings and photographs are given to outline the design and assembly
and to show the complexity of the test facility. The performance of the bubble
column was characterized and results are given on (1) bubble formation rates and
diameters as a function of gas flow rate and liquid co-flow velocity, which are then
compared to the findings presented in Chapter 2, and (2) overall gas hold-ups as
a function of superficial gas and liquid velocity, which are compared to relevant
literature.
Chapter 5 shows experimental data on a homogeneously sparged column obtained
using dual-tip optical fibres and a newly adopted Bubble Image Velocimetry
technique, which was used to measure velocities of bubble parcels using image
cross-correlation. Horizontal profiles of the gas fraction, bubble velocities and
bubble chord lengths were obtained to illustrate the homogeneity of the bubble
column and a comparison is drawn with the data reported in Chapter 4.
Chapter 6 then gives a thorough analysis of flow patterns analyzed with Bubble
Image Velocimetry and dual-tip optical fibre probes (as in Chapter 5), but with a-
symmetric flow configurations. Results are given on (1) a-symmetric gas sparging
and a uniform liquid co-flow; and (2) flow configurations with both a-symmetric
gas sparging and liquid co-flow.
Chapter 7 connects the outcomes from Chapters 2-6 and presents overall conclu-
sions and suggestions for future work.
Attached to this dissertation is a Hard Drive containing the following items:
 A folder with all SolidWorks 3D CAD models and assemblies, engineering
drawings and suppliers of the components outlined and discussed in Chapter
4, Sec. 4.2.
 File structures on a per method basis, including MATLAB codes for bubble
interface tracking and acoustic analysis (Chapter 2), bubble formation rate
detection (Chapter 4), and acquisition and analysis of the dual-tip Optical
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the bubble formation from
needles with and without liquid
co-flow.1
This chapter reports experiments on bubble formation from needles with and with-
out liquid co-flow, carried out with needles in the range of 0.79 < dn < 2.06 mm,
for gas flow rates up to 4.5 cm3/s per needle, and with liquid co-flow velocities
up to 0.4 m/s. Bubble sizes and frequencies were obtained by means of measur-
ing an acoustic signal in the pressurized chamber upstream, which is validated
by high-speed imaging analysis. Bubble contours, bubble growth curves and time
return plots were obtained to analyze the bubble formation process. Different
bubbling regimes are distinguished and a novel dimensionless pressure ratio is
proposed to forecast the emergence of weeping and the transition from constant
flow rate bubbling to constant chamber pressure bubbling. A single correlation for
the non-dimensional bubble size with and without liquid co-flow was developed and
validated with the experimental data shown in this chapter. Further insights for
improving sparger designs are generated and valuable data is obtained to assist
in validating numerical models dealing with bubble formation from a submerged
orifice (DNS, BIM).
1Parts of this chapter have been previously published as Corné Muilwijk & Harry E. A. Van
den Akker, Chem. Eng. Sci. 202 (2019), 318-335, which was later highlighted by Adv. in Eng.,
see link: https://advanceseng.com/fascinating-experiments-bubbling-via-needle-liquid-co-flow/
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Bubble columns and air-lift reactors are widely used in the chemical, biochemical
and oil and gas industry [Kulkarni and Joshi (2005)]. The bubble size determines
the slip velocity and, as a result, the mass transfer coefficient [Akita and Yoshida
(1974)], while the bubble size distribution is determining the stability of the
bubbly column operation [Kulkarni and Joshi (2005)].
In most industrial operations, bubbles are introduced via some sparger, often
a ring sparger with holes, resulting in hardly any knowledge and control of bubble
size (distribution) and leading to a spatially very non-uniform bubble distribution
in a horizontal plane slightly above the sparger. The effect of this very unsophis-
ticated way of gas sparging on the operation of the bubble column (reactor) is
badly understood. Usually, the bubbly flow is heterogeneous, with large-scale
coherent and self-organizing flow structures [Groen et al. (1995, 1996); Van Den
Akker (1998b)] which generate (additional) turbulence and mixing, much stronger
than in single-phase turbulence [Mudde and Saito (2001)].
Simulating this heterogeneous and turbulent two-phase flow and the pertinent
mixing by means of Computational Fluid Dynamics (CFD) techniques is a real
challenge [Van Den Akker (2006)]. This is true for both the Euler-Lagrangian
approach (tracking individual bubbles) and the Euler-Euler (or two-fluid) con-
cept. In both approaches, bubble diameter plays a crucial role with the view
of expressions for the fluid-particle and the fluid-fluid interaction, respectively
[Van Den Akker (2015)]. Most of the time, a single bubble diameter is specified
in the model which requires experimental data with uniformly sized bubbles for
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proper validation of the two-fluid turbulence models of (commercial) CFD soft-
ware. Therefore, it is important to have knowledge of operating conditions for
producing uniformly sized bubbles without and with liquid co-flow.
Several recent studies attempted to model the bubble formation process from
(micron sized) orifices using a Volume of Fluid approach [Abbassi et al. (2017);
Albadawi et al. (2013); Islam et al. (2015); Zhang et al. (2017)], or by physi-
cal modelling of the dynamic forces [Vazquez et al. (2010)] for a growing bubble
[Lesage et al. (2013); Vafaei et al. (2011, 2010); Zhang and Shoji (2001)]. These
studies are often limited to bubble formation in the quasi-steady flow regime at
low gas flow rates, which is of less industrial relevance than bubble formation at
higher formation rates. Zhang and Shoji (2001) developed an algorithm to calcu-
late the bubble volume by modelling forces acting on a bubble including bubble
interference, collision and coalescence. Good agreement with experimental data
was achieved for relatively low gas flow rates only, as convection in the liquid
phase (which was ignored) becomes significant at higher gas flow rates. Bifurca-
tion in the bubble departure times were observed (as a result of bubble-bubble
interactions), leading to a bi- or polydisperse bubble size distribution. More ex-
perimental data on bubble formation, including operating regime boundaries and
bubble contours and resulting bubble size distributions, is required for validation
of the models.
The experiments reported in this chapter, on bubble formation from a single
nozzle with and without liquid co-flow, were carried out to assist proper de-
sign of needle spargers in bubble columns (stagnant liquid) and air-lift reactors
(co-flowing liquid). The extensive literature on gas bubble formation has been
reviewed before by several authors, among which Kulkarni and Joshi (2005). Sev-
eral bubbling regimes can be distinguished as a function of gas flow rate. At low
gas flow rates, bubble detachment is surface tension controlled and the bubble
diameter is independent of the gas flow rate, while at higher gas flow rates, bubble
formation is dominated by inertial forces [Bari and Robinson (2013); Bhavaraju
et al. (1978); Chuang and Goldschmidt (1970); Clift et al. (1978); Gaddis and Vo-
gelpohl (1986); Oguz and Prosperetti (1993); Ohta et al. (2011); Simmons et al.
(2015); Vazquez et al. (2010)]. While some recent studies focused on bubble for-
mation in the quasi-static flow regime (and/or for small sized orifices) [Dietrich
et al. (2013); Gerlach et al. (2005); Qu et al. (2017)], the main goal of the present
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research is to collect data on regimes of higher gas flow rates and liquid co-flow
velocities for fast continuous bubbling producing uniform bubbles.
Apart from the study of Terasaka et al. (1999) and Sada et al. (1978), no
experimental data was found for bubble formation from millimeter-sized needles
with co-flowing liquid. Therefore, bubbling in a wide range of gas and liquid
velocities was investigated in a single-needle test set-up, to improve beyond exist-
ing, often diverging, correlations on bubble formation without [Clift et al. (1978);
Jamialahmadi et al. (2001); Kulkarni and Joshi (2005)] and with [Sada et al.
(1978); Terasaka et al. (1999)] liquid co-flow. To summarize:
 In addition to images acquisition with a high-speed camera (producing huge
amounts of data), an acoustic signal [Liu et al. (2018); Ruzicka et al. (2009)]
from a microphone attached to the upstream pressurized chamber was also
used for measuring bubble formation rates and resulting bubble sizes.
 The dynamics of bubble formation were analyzed by means of time-return
plots (familiar in chaos theory) and obtained standard deviations of bubble
formation times and bubble diameters. Bubble contours are presented for
growing and departing bubbles to show the potential interaction between
bubbles at different gas flow rates and liquid co-flow velocities for different
needles and, under certain conditions, so-called period-2 bubbling [Buwa
et al. (2007); Tritton and Egdell (1993)] was observed.
 Bubble growth curves are determined to explore the transition from con-
stant flow rate to constant upstream pressure, and a new non-dimensional
pressure ratio based on the orifice constant was proposed to predict this
transition and the occurrence of weeping.
 A novel correlation for the bubble diameter is developed which is valid for
bubble formation with and without liquid co-flow under constant pressure
injection conditions.
 Limits between the various bubbling regimes are identified and correlations
are fitted based on a dimensional analysis.
All this means that new and precisely documented data are added to the litera-



















Figure 2.1: Bubble contour at detachment. Clarification of symbols: ρl: den-
sity of water; σ: surface tension; µl: liquid viscosity; vg: gas velocity; vl: liquid
velocity; db: bubble diameter; do: outer diameter; dn: nozzle (inner) diameter; g:
gravitational constant; C: clearance; H: bubble height.
2.2 Bubbling regimes
A concise overview of all correlations used in correlating the experimental data
in this chapter is given here, where the correlations are presented by bubbling
regime. A sketch of the bubbling process is given in Fig. 2.1 along with the most
important variables.
2.2.1 Surface tension controlled regime (STC)
When the (constant) gas flow rate is very low such that its inertia may be ignored,
the bubble is assumed to be released as soon as the buoyancy force (∆ρg π6d
3
b)
becomes equal to the surface tension force (σdn), implying that the resulting
bubble diameter is independent of the gas flow rate:
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where Bo denotes the non-dimensional Bond number and d∗ the non-dimensional
bubble diameter, db/dn. Eq. (2.1) can be found in dimensional or non-dimensional
form in the literature with either the bubble volume [Clift et al. (1978); Oguz
and Prosperetti (1993)] or the bubble diameter [Bhavaraju et al. (1978); Gaddis
and Vogelpohl (1986); Ohta et al. (2011)] as the dependent variable. Gaddis and
Vogelpohl (1986) mentioned a critical nozzle diameter for which the static bubble
diameter is equal to the nozzle diameter and claimed that Eq. (2.1) is valid for
Bo < 6. This equation is only valid for constant flow condition, as bubbles formed
under constant pressure (see discussion of Eq. (2.17) below) are formed by a more
complex mechanism [Clift et al. (1978)].
2.2.2 Inertia controlled detachment (IC)
At moderate gas flow rates inertia starts playing a role [Bari and Robinson (2013);
Bhavaraju et al. (1978); Chuang and Goldschmidt (1970); Clift et al. (1978); Gad-
dis and Vogelpohl (1986); Oguz and Prosperetti (1993); Simmons et al. (2015)].
A theoretical analysis along with experimental data for constant gas flow and low







This result can be rewritten in non-dimensional form comprising the Froude num-
ber Fr:
d∗ = 1.253Fr1/5 (2.3)
2.2.3 Transition between surface tension and inertia con-
trolled detachment (STC-IC)
The first study mentioning a critical flow rate Qcr to describe the transition
between surface tension controlled detachment, Eq. (2.1), and inertia controlled
detachment, Eq. (2.3), was performed by Bhavaraju et al. (1978). A critical flow
rate was defined based on the postulation that the distance between the bubbles
(centre-to-centre) cannot be smaller than the diameter of the bubbles formed in
the surface tension controlled regime (where db follows Eq. (2.1)).
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The value for Qcr was further studied experimentally and numerically by
Oguz and Prosperetti (1993) who developed an approximate model based on the
Rayleigh-Plesset equation, while assuming constant pressure, including the flow
resistance in the orifice and neglecting both the drag force on the growing bubble
and the interaction with preceding bubbles. Eventually, Qcr was found to be:























1 Qg < Qcr (2.6a)






While Eq. (2.6a) is equivalent to Eq. (2.1), Eq. (2.6b) can be reduced to
d∗ ≈ 1.18Fr1/5 which is very similar to Eq. (2.3).
Gaddis and Vogelpohl (1986) proposed a model based on a superposition of
















and in non-dimensional form, using Bo,Fr, and the Capillary number Ca, as:













Gaddis and Vogelpohl (1986) claim that their model is valid up to the flow rate
at which the jetting regime is entered, where the gas inertia force balances the
surface tension force, i.e. at We = 4.
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2.2.4 Period-2 bubbling (P2)
The distance C, see Fig. 2.1, between two successive bubbles plays an important
effect on the bubbling regime. As long as C is large, bubble growth may not be
affected by the preceding bubble and bubble formation is inertia controlled.
At higher flow rates, Period-2 bubbling occurs [Badam et al. (2007); Buwa
et al. (2007); Kyriakides et al. (1997); Tritton and Egdell (1993)], where the
current bubble (nth) grows in the wake of the departing ((n−1)th) bubble leading
to a repeating cycle of two related bubble detachments. Interactions between a
growing bubble and (the wake of) a previous bubble become significant for C < 2
mm [Harteveld et al. (2008)]. Flow maps were constructed but no correlations
were given in the literature for this regime transition.
At even higher flow rates, bubble formation becomes really chaotic [Mosdorf
and Shoji (2003); Tufaile (2000); Tufaile et al. (2002); Tufaile and Sartorelli (2000,
2001)], where a growing bubble merges with the departing bubble, or where a jet
of air is released in the liquid and breaks up to form bubbles. These regimes are
further described in Kyriakides et al. (1997) and are not further discussed in the
present study.
2.2.5 Bubble formation in co-flowing liquid
Literature on bubble formation in co-flowing liquid is not as abundantly available
as for the quiescent case [Clift et al. (1978); Kulkarni and Joshi (2005); Kumar
and Kuloor (1970)]. Experiments on bubble formation with liquid co-flow were
performed in the study of Terasaka et al. (1999). Although their model was found
to be in good agreement, a correlation was not proposed. The theoretical and
numerical analyses by Chen and Tan (2002) and by Chakraborty et al. (2011)
did not result in practical correlations.
Chuang and Goldschmidt (1970) developed non-dimensional models based on
a force balance over a bubble just prior to detachment. For bubbling in a quiescent
liquid, their model included bubble-bubble interaction, required integration of a
non-linear differential equation and resulted in an expression for the flow rate
which was made non-dimensional with the liquid viscosity.
In their model for bubble formation in co-flowing liquid, when bubble-bubble
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where do is the needle outer diameter and CD = 18.5/Re3/5. By using an expres-







Eq. (2.10) can be rewritten in non-dimensional form
d∗5 + 27
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where d∗o = do/dn, and this equation has to be solved numerically in order to find
d∗. Ignoring the contribution for surface tension and liquid velocity in Eq. (2.12)
gives d∗ ≈ 0.76Fr1/5, which differs significantly from Eq. (2.3).
A correlation for the bubble size was proposed by Sada et al. (1978) who





in which a drag force term (with CD = 0.44) was added to the buoyancy force in
the denominator. Their correlation for d∗ runs as
d∗ = 1.55Fr1/5mod (2.14)
It should be noted that Eq. (2.14) is implicit in db. For vl = 0, this equation
reduces to:
d∗ = 1.44Fr1/6 (2.15)
which differs from correlations presented above.
Oguz and Prosperetti (1993) also considered bubble formation in the presence
of liquid co-flow: they added the liquid velocity to the bubble rise velocity, leading
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which (again) has to be solved numerically to obtain a value for d∗.
2.3 Experimental
2.3.1 Experimental setup
Fig. 2.2 shows a schematic drawing of the test setup and the design/operating
parameters are summarized in Tab. 2.1. The test section consists of a 70 mm
square flow channel with the nozzle positioned at the centre. A submersible
pump (with variable speed drive) was situated in a 300 L buffer vessel to provide
liquid flow rates up to 6.6 m3/h. The liquid flow rate was measured by using
a Siemens Sitrans FM MAG5100W DN50 electromagnetic flow meter and fed
into a common manifold. Four 1-1/4” pipes, which come from the manifold,
were connected to the 200 mm cubic calming chamber, one on each side, and a
polycarbonate honeycomb (cell size 5 mm, thickness 100 mm) was in place to
provide flow straightening.
A contraction was installed (CR = 8.2), followed by a passive grid with bore
diameter of 8 mm and porosity of 66% to keep the needle in a centered position.
The velocity of the co-flowing liquid vl (in the vicinity of the needle tip) is in the
range 0 - 0.38 m/s. Exploratory CFD (single phase k−ε model) has shown that a
uniform liquid velocity in the test section is established; hence vl is given by the
average velocity in the test channel. An overflow vessel was situated on the top
to create a free surface and to collect the water to ensure continuous circulation.
Table 2.1: Experimental settings and variables. dn: Needle inner diameter; do:
Needle outer diameter; W : Channel width; Qg: Gas flow rate at standard pressure;
Ln: Needle length; vl: Liquid co-flow velocity; Vch: Pressurized chamber volume;
µl: Liquid viscosity where (X/Y) shows the wt.% water/glycerol ratio.
Variable Range Unit
dn 0.46, 0.79, 0.97, 1.19, 1.35, 1.55, 1.75, 2.06 mm
do 1.57 (1/16), 3.18 (1/8) mm (in.)
W 70 mm
Qg 0-4.16 cm3/s
Ln 400, 600, 800 mm
vl 0-0.38 m/s
Vch ≈ 500 cm3





















Figure 2.2: Schematic drawing of the experimental setup. 1) Pressurized cham-
ber; 2) Calming chamber; 3) Flow straightener; 4) Contraction; 5) Passive grid;
6) Orifice; 7) Overflow vessel; 8) High-speed camera; 9) Diffuser; 10) Continuous
LED light.
A straight stainless steel needle, 400 - 800 mm in length, ran through the
calming chamber and connected to a pressurized chamber with volume Vch of 500
cm3. The needle inner diameter was varied between 0.79 - 2.06 mm, whereas the
outer diameter was 1/8” or 1/16”. The needle submergence was varied between
100-900 mm and no significant effect on the resulting bubble sizes was observed.
The air mass flow rate was controlled using a Bronkhorst EL-Flow Select F-
201CV mass flow controller with an accuracy rating of ± 0.5 % of the reading
(setpoint) ± 0.1 % of the full scale (250 cm3/min).
A high speed camera (IDT X-Stream XS-4) allowed capturing the process
of bubble formation at a resolution of 512 × 512 pixels at a rate up to 5000
frames/second (fps). In order to provide sufficient illumination, a continuous
LED light (60 W) was installed behind the flow channel (see Fig. 2.2), with a
diffuser paper (A4) in between. The exposure time could be kept as low as ≈
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40 µs (to create a sharp, nearly binary image), while the aperture of the lens
(BoliOptics 0.75-5 × microscopic video zoom lens assembly) was less than half
open to create a small depth of view.
A 6 mm diameter microphone with a two-stage preamplifier (Micronic wa-
terproof CCTV microphone) was installed in the pressurized chamber and the
output signal (V) was acquired at a rate of 20 kHz with a National Instruments
USB-6001 I/O Device.
Compressed and dried air and filtered tap water was used for most experi-
ments. For cases requiring a higher viscosity, a 50/50 or a 60/40 wt% glycerol-
water mixture was used and the viscosity was measured with a Brookfield DV2T
Viscometer.
2.3.2 Constant flow rate (CF) vs. constant pressure (CP)
In the presence of a pressurized chamber or common manifold with a finite vol-
ume, the flow through the orifice or needle may suffer from pressure fluctuations
leading to a variable flow rate and intermittent bubble formation (with intervals
of a bubble waiting on top of the needle) or weeping [Zhang and Tan (2000)].
While the model of Oguz and Prosperetti (1993) presumes a constant supply
pressure, Chen and Tan (2002); Corchero et al. (2012); Miyahara (1984); Terasaka
et al. (1999); Zhang and Tan (2000) included Vch in their models, which however
may lead to a stiff set of non-linear differential equations and instability of the





which is in the range 15-85 for this test facility, may act as an indicator for
constant pressure or constant flow conditions and Yang et al. (2007) claimed that
constant flow conditions are reached when NC < 1.
Badam et al. (2007) claimed that constant flow conditions are met when
Ln/d4n > 1012m−3. This dimensional condition, based on the paper of Takahashi
(1976), relates to the flow resistance of the needle. Davidson and Schuler (1960)
introduced a dimensional orifice (or needle) constant kor,t = Qg/
√
∆P . Clift et al.
(1978) proposed a non-dimensional orifice constant k∗or,t valid for turbulent flow
through the nozzle and claimed that the flow rate is constant if k∗or,t → 0, whereas




Figure 2.3: Steps in the image processing. (a) Raw image; (b) Binarized image;
(c) Bubble contours.
bigger at the same flow rate. Since the orifice flows in the present study are









while, following Clift et al. (1978), a laminar non-dimensional orifice constant k∗or
may be written as
k∗or = kor,lg0.8ρlQ−0.6g (2.19)
and will be used further on.
As the Laplace pressure is maximum just after detachment (when the bubble
has a diameter of ≈ dn) and decreases as the bubble grows, it is postulated that
weeping will set in when the pressure drop due to friction is just of the order of
the (fluctuating) Laplace pressure and the flow cannot be sustained. To this end,






with the view of describing the emergence of weeping as well as the constant flow
vs. constant pressure flow condition.
2.3.3 Experimental procedure and data processing
Each series of experiments started at a high gas flow rate and microphone data
was recorded for 50 s, while images were captured at a rate of 1000 fps for just
5 s. Then, the gas flow rate was decreased by a small step and after 30 s a new
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recording was started. It was found that a new equilibrium was reached within
10 s after the gas flow rate had been adjusted. This procedure was continued
until bubble waiting or weeping occurred.
The needle diameter (≈ 80 ± 1 pix) was used to calculate the spatial resolution,
resulting in ≈ 40 µm/pix ± 2.5%. The acquired images (a) were binarized using
Otsu’s method for the determination of the threshold value (b) and the bubble
contours were extracted from the images (c) as shown in Fig. 2.3. The sensitiv-
ity of the binarization threshold was evaluated and a 10 % change in threshold
value resulted in a 1.5 % deviation in the obtained bubble diameter, which is
significantly less than the spatial resolution of the camera.










where y is the vertical coordinate, d(y) the horizontal diameter at position y, and
∆y the pixel size. Bubble growth curves were constructed (see Fig. 2.4 top) and
mutual distances from growing and departing bubbles were measured from the
images.







where fb was obtained from counting bubbles from either high speed imaging
or acoustic data. The deviation caused by the potential error in the flow rate
setting, in % of db, is 0.5 % at a flow rate of 0.42 cm3/s (10% full scale).
An example of a bubble growth curve based on image analysis (top) and a
microphone response signal (bottom) is given in Fig. 2.4. The image processing
algorithm records the size of the bubble attached to the nozzle (where a new bub-
ble is detected after a bubble has detached from the nozzle), while the microphone
signal is characterized by a sharp descent as a result of bubble pinch-off. For cal-
ibration of the latter method (in order to obtain the bubble formation rate), few
experiments were performed where both signals were measured simultaneously.
The synchronization of the signals, as shown in Fig. 2.4, was made by ob-

























Figure 2.4: Top: bubble growth curves obtained by high-speed imaging (mm, line
+ circles). Bottom: microphone response signal (Volt, solid line). dn = 1.55 mm,
Ln = 600 mm and Qg = 4.16 cm
3/s. The time lag between the signals (corrected)
was found by analysis of the cross-correlation of both signals.
lag of the camera/data acquisition unit was found to be much higher than the
sampling period.
The raw microphone response signals were filtered by using a 5th order Butter-
worth low-pass filter to filter out the high-frequency noise. The derivative of the
response signal was taken (not shown) and the local minima were used to obtain
the bubble formation intervals. A cut-off frequency of 750 Hz was found as an
optimal compromise between loss of dynamic response and peak prominence of
the derivative. Peaks more prominent than 40% of the maximum detected peak
height were classified as a bubble formation event. Satellite peaks within a time
span of ≈ 6 ms (less than ≈ 15% of the average formation time tf ) were considered
as spurious detections and removed. The occurrence of coalescence was evident
from the signals as there was no clear periodic signal and further research with
this method is required to study this regime.
The mean bubble frequency was obtained from the bubble formation inter-
vals and the indirect bubble equivalent diameter was calculated according to Eq.
(2.22) and found to be within the 95% confidence interval of the direct bubble
equivalent diameter by Eq. (2.21). By using a microphone to measure bubble
formation intervals, validated with high-speed imaging data, many experiments
can be performed while avoiding acquisition and analysis of large amounts of
image data.
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2.4 Results & Discussion
2.4.1 Bubbling regimes
Fig. 2.5 shows bubble contours of growing and departing bubbles for various
operating conditions. A regime map is constructed and shown in Fig. 2.13
(discussed later), but Fig. 2.5 here is limited to two needle sizes, two gas flow rates
and two liquid co-flow velocities. Bubble contours of the growing and departing
bubbles are shown at four time instances in the bubble formation cycle: t/tb = 1/4
(dotted), 1/2 (dashed), 3/4 (dot-dashed), and 1 (solid). t/tb is the non-dimensional
time, which is a fraction of the formation time tb of a bubble.
The contours of the growing bubble, which is still attached to the needle, is
shown in black and referred to as the nth bubble. The preceding bubble (n− 1)th
is shown in blue and is departing from the needle. The second previous (n− 2)th
bubble (if still visible in the image) is shown in green and will not be analysed
further.
The distance between the top of the nth bubble and the bottom of (n − 1)th,
which is referred to as clearance C, is a function of time, gas flow rate and liquid
co-flow velocity. The clearance decreases with increasing gas flow rate (from left
to right in Fig. 2.5).
The figures 2.5a,c,e,g show the effect of co-flow of liquid on the clearance at
low Qg. Where it is expected that the clearance increases with increasing co-flow
velocity (which is true for 2.5a,e), this effect seems to be very small for a smaller
needle diameter (see Fig. 2.5 c,g) at low gas flow rate. The distance travelled
by the departing bubble can be approximated by vbtb, where vb is the sum of the
terminal bubble rise velocity and the liquid co-flow velocity. For increasing liquid
co-flow velocity, the bubble formation time decreases, which may compensate for
the increasing vb.
For high gas flow rates in the absence of co-flow (Fig. 2.5b,d), the clearance
at t/tb = 1 is alternating between two successive bubble formation events and two
illustrations of the bubble contours are needed to show the difference between
successive bubbles. While the current (nth) bubble is shown in black (left bubble
train of Fig. 2.5 b,d), the following ((n + 1)th)bubble is shown in red (right part
of Fig. 2.5 b,d). The grey straight arrows point to the same bubbles for the next
time instance (to t/tb = 5/4 for the nth bubble). The nth and (n − 2)nd bubbles
show similar behaviour as well as the (n − 1)th and the (n + 1)th, (connected by
26
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the dashed curved arrow) which shows that two bubble formation events form
a single repeating cycle, which is characteristic of Period-2 bubbling and will be
discussed further on.
Period-2 bubbling (at high Qg) was not observed when co-flow was applied
(see Fig. 2.5f,h). The clearance increased with the presence of co-flow and bubble-
bubble interactions become insignificant.
The bubble contours show that the outer diameter (3.18 mm for 1.55 mm
ID, and 1.57 mm for 1.19 mm ID, respectively) has no significant effect on the
development of a bubble, neither without liquid co-flow (Fig. 2.5a-d) nor with
liquid co-flow (Fig. 2.5 e-h), and will therefore be omitted for further analysis.
2.4.1.1 Intermittent bubbling
At low gas flow rates bubbling takes place intermittently: a burst of bubbles is
released from the needle after the pressure in the pressurized chamber has built
up sufficiently to overcome the Laplace pressure, which is maximum for the mini-
mum bubble diameter which is equal to dn. During such a release (≈ 5-10 bubbles
per burst), the pressure in the chamber drops to a sub-critical value, the flow rate
through the needle decreases to zero, and the next bubble has to wait (bubble
waiting) on top of the nozzle until the pressure in the chamber has recovered and
produces a chain of bubbles. While Ruzicka et al. (2009) and Cano-Lozano et al.
(2017) reported periodic meniscus dynamics, where a small column of water pen-
etrates the orifice between each bubble formation event without leaking into the
pressurized chamber, intermittent bubbling was observed, which evolved quickly
to ”weeping”, which may be due to the wetting properties of stainless steel.
The importance of the needle length follows from the data obtained with a
1.55 mm diameter nozzle and three different lengths. In the experiments without
liquid co-flow, bubbling was continuous as long as PR < 4.5, with PR being
defined in Eq. (2.20). With co-flow, a large spread in bubble formation times
was found at low gas flow rates and no sharp transition was observed (see also
the discussion on Fig. 2.12b further on).
2.4.1.2 Constant nozzle flow (CF) vs. constant chamber pressure
(CP)
Fig. 2.6 shows the evolution of (a) the bubble volume Vb and (b) bubble height H
for a needle with inner diameter of 1.55 mm and length of 600 mm. The gas flow
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rate ranges from 0.8 to 4.2 cm3/s with 0.1 cm3/s intervals. The bubble growth
curves are obtained by averaging all bubble formation events found within ± 2
ms from the mean formation time.
Fig. 2.6a shows that at high flow rates the bubble volume increases linearly
with time, indicating constant flow, whereas at low flow rates the growth rate
of Vb deviates from linear. At high gas flow rates Qg, the (fluctuating) Laplace
pressure is small compared to the pressure drop over the needle and (almost)
constant flow is achieved, whereas at low Qg (when the Laplace pressure becomes
significant) a complex interaction between the chamber pressure, Laplace and
Hagen-Poiseuille causes the flow condition to deviate from constant flow.
Fig. 2.6b shows some oscillations of the bubble height H at the initial stage of
a bubble formation cycle for low gas flow rates (yellow lines). Bubbling becomes
intermittent at lower gas flow rates (lower than 0.63 cm3/s) and no bubble growth
curve can be presented as each bubble in such a bubble burst experiences different
conditions (e.g. instant flow rate, chamber pressure).
Fig. 2.7 shows the numerical derivative V̇ of the bubble volume (Fig. 2.6a)
with respect to time, which may be interpreted as an instantaneous flow rate. V̇
increases during a formation cycle as a result of the decreasing Laplace pressure
and is found to peak just prior to detachment. After the bubble detaches from
the needle, the next bubble has an initial diameter of ≈ dn. The sharp increase
in the Laplace pressure gives rise to a sudden change in the pressure drop along
the needle, which causes the instantaneous flow rate to fluctuate.
In order to find the oscillation frequency fosc, the instantaneous flow rate V̇
is first up-sampled at a rate of 5000 Hz using a cubic spline data interpolation
method and then filtered using a 9th order Butterworth high-pass filter with a
cut-off frequency of 125 Hz. The filtered signal is divided in blocks of 0.2 s
with an overlap of 50 % and multiplied with the Hanning function. The Fast
Fourier transform is computed for each block and the spectrum is averaged in the
frequency domain. The frequency of the highest peak is found to be independent
of the flow rate Qg and the liquid co-flow velocity vl. fosc is determined for various
gas flow rates Qg (for a needle with diameter dn and length Ln), and shown in
Tab. 2.2. Exploratory experiments show that this oscillation frequency is a strong
function of the nozzle length, and may therefore be a result of resonance of the
interaction between the (fluctuating) chamber pressure and (fluctuating) pressure
drop over the needle as a result of bubble detachment. fosc is compared to the
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Figure 2.6: Averaged growth curves for (a) the bubble volume Vb and (b) bubble
height H as function of time for the bubble attached to the nozzle. The growth
of the bubble is due to the inflow with an average flow rate Qg as set by the mass
flow controller, see colorbar. dn = 1.55 mm, Ln = 600 mm. Each interval is ≈ 0.1
cm3/s.
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Figure 2.7: Derivative of the growth curves (Vb) shown in Fig. 2.6 with respect
to time for a range of flow rates. The numbers in the figure denote the mean flow
rate (in cm3/s) for the corresponding bold lines.
Table 2.2: Oscillation frequencies fosc found in V̇ for various experiments and
compared with the Rayleigh-Lamb frequency fR-L (based on a bubble with a di-
ameter equal to the needle diameter).
dn Ln fosc fR-L
mm mm Hz Hz
2.06 600 208 ± 7 142
1.75 600 207 ± 7 181
1.55 800 161 ± 7 217
1.55 600 215 ± 7 217
1.55 400 313 ± 9 217
1.35 600 172 ± 21 267
1.19 600 217 ± 19 323
0.97 600 202 ± 17 440








for bubbles with a diameter equal to the needle diameter. While the Rayleigh-
Lamb theory is valid only for free bubbles of a constant volume, and no trend,
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Figure 2.8: Coefficient of variation of V̇ (Fig. 2.7) as obtained from high speed
imaging vs. (a) k∗or and (b) PR for various needle sizes.
as in Vobecká et al. (2012), was observed as a function of dn, more experiments
are required (with different needle lengths/diameters and chamber volumes) to
study the origin of this oscillation.
At Qg < 0.83 cm3/s, V̇ drops to almost zero. Flow reversal may occur if the
pressure drop through the nozzle (as function of Qg) equilibrates the fluctuating
Laplace pressure and bubbling will become intermittent. It was found that the
capacitance number as defined by previous authors [Clift et al. (1978), Yang et al.
(2007)] and repeated as Eq. (2.17) is not conclusive for distinguishing between
constant flow versus constant pressure conditions as the deviation from constant
flow conditions depends on the flow rate. A ratio of Laplace pressure and pressure
drop, see Eq. (2.20), is used to describe the transition between continuous and
intermittent bubbling, but it should be noted that db is not included in the
description of PR whereas the fluctuating Laplace pressure is a function of both
dn and db.
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Figure 2.9: Graphical representation of the predicted operating condition as a
function of NC and PR.





where σV̇ is the standard deviation of V̇ , is used to describe the transition from
constant pressure to constant flow conditions. The CoVQ data do not collapse
onto a single line when k∗or, Eq. (2.19), is used as dimensionless parameter to
describe the deviation from constant flow condition (see Fig. 2.8). However, when
CoVQ is plotted against PR, see Eq. (2.20), it was found that most experiments
scale according to
CoVQ = 0.15PR (2.25)
Only the 2.06 mm inner diameter needle does not scale properly at flow rates lower
than ≈ Qcr, but more experiments are required to investigate this discrepancy.
An operating triangle is constructed to plot the operating condition (CF or
CP) as a function of NC and PR as shown in Fig. 2.9. At high values of
PR, when the pressure drop due to friction is small compared to the Laplace
pressure, the operating condition is a function of the capacitance number NC .
Constant pressure conditions are then achieved for large chamber volumes Vch,
whereas constant flow conditions are accomplished when no air chamber is present
(Vch → 0) and/or a small capillary is installed to impose a constant flow.
For higher values of Qg (PR decreases) both constant flow and constant pres-
sure condition are coexistent. As the pressure drop due to friction increases,
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Figure 2.10: Bubble diameter (db), bubble height (H), and distance between
leading and trailing bubble (C) as measured from the high-speed imaging data as
function of gas flow rate. dn = 1.55 mm, Ln = 600 mm. Standard deviations of db
and H are smaller than the marker size and therefore not shown.
the fluctuating Laplace pressure becomes negligible and the interaction with the
pressurized chamber (for mixed conditions) diminished with both a constant flow
and constant air chamber pressure as a result.
2.4.1.3 Surface tension (STC) vs. inertia controlled (IC) detachment
The critical flow rate Qcr, marking the transition from surface tension to inertia
controlled detachment, was found by analysing the earlier bubble growth curves
(as in Fig. 2.6a). The slope of the dashed line connecting the ends of the growth
curves changes sharply at a flow rate of ≈ 1.5 cm3/s, which seems to coincide
with the change in slope of the bubble formation rate versus the gas flow rate as
shown by the dashed line in Fig. 2.14a. This transitional flow rate is experimental
evidence of Qcr [Bhavaraju et al. (1978); Oguz and Prosperetti (1993)], which
describes the transition from surface tension to inertia controlled detachment
bubble formation. This is further confirmed by the stagnation inH (see Fig. 2.6b)
at sub-critical flow rates. This analysis is repeated for several needle diameters
and summarized in Fig. 2.13. No constant volume detachment, with a bubble
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Figure 2.11: Distance C between leading and trailing bubble at the moment of
detachment for Qg = 0.73 (yellow), and 4.17 cm
3/s (blue) for the top and bottom
line respectively. The inserted images show two consecutive bubbles at the end of
their formation cycle for the corresponding experiments. dn = 1.55 mm, Ln = 600
mm.
diameter described by Eq. (2.1), was observed as, due to the presence of a
pressurized chamber, the instantaneous flow rate V̇ increased with increasing Vb
and imposing constant flow was not possible.
2.4.1.4 Period-2 bubbling
Fig. 2.10 shows bubble diameter db, bubble height H, and clearance C at the
moment of bubble detachment (at the end of a bubble formation cycle) as a
function of gas flow rate for a 1.55 mm ID needle as measured from images
taken with a high-speed camera. The volume equivalent bubble diameter db and
bubble height H increase with gas flow rate, whereas C decreases with Qg. For
the lowest flow rate measured, C is approximately three bubble diameters (≈ 14
mm), whereas this distance decreases to ≈ 2 mm for high gas flow rates. Bubble-
bubble interaction forces become more dominant with increasing gas flow rate as
the distance between the bubbles decreases. For Qg > 3.5 cm3/s, the spreading
in C increases, indicating Period-2 bubbling.
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Fig. 2.11 shows C (at the moment of bubble detachment) as a function of time
for two image series. Two image pairs are given to illustrate the bubble contours
at two successive bubble detachment events. At low gas flow rate (top, yellow)
C is constant with a small spreading, which agrees well with the data shown in
Fig. 2.10. At high gas flow rates, C alternates (with some intermittency), such
that the formation of a set of two bubbles formation events is one recurring cycle.
The trailing bubble grows directly in the wake of the leading bubble, resulting
in a faster acceleration after detachment and a larger clearance for the successive
(leading) bubble. Period-2 bubbling is observed at high gas flow rates for a range
of needle diameters (see also Fig. 2.5b,d), where two bubble formation events
are shown to illustrate a periodic cycle. The leading and trailing bubble differ
in shape towards the end of the formation cycle, but no significance difference in
volume is observed between the leading and trailing bubble.
This alternating behaviour can also be obtained from time return plots, where
the formation time of the current bubble tnb is plotted against the formation time
of the preceding bubble tn−1b , where n is the bubble number and tb is obtained
from the microphone response signal. Fig. 2.12a shows the time-return plot for
bubbling from a 1.55 mm diameter needle at various gas flow rates (different flow
regimes). The results are clouds of formation times spreading around the y = x
line.
For low gas flow rates (long tb’s), the data points spread randomly around the
mean formation time. This spreading is due to fluctuations in the instantaneous
gas flow rate V̇ (see Fig. 2.7) as PR approaches a critical value and intermittent
bubbling/weeping is emerging. At intermediate gas flow rates, bubble formation
times are steady. At high gas flow rates, bubble formation times are alternating at
± 2 ms from the mean formation time (see Fig. 2.12a) due to Period-2 bubbling.
Two bubble formation events create a recurring cycle, which was confirmed with
the high-speed camera. The difference in formation time between the leading
and trailing bubble is ≈ 4 ms, whereas the mean formation time is ≈ 32 ms. The
resulting variation in bubble diameter is ≈ 5%, which is hardly detectable by the
camera used.
A bimodal bubble formation time distribution (over the course of a 30 s mea-
surement) is not observed as the period of Period-2 bubbling varies slightly (see
Fig. 2.11) for experiments carried out in water. For higher viscosity liquids, chaos
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Figure 2.12: Time-return plots for continuous bubble formation in (a) quiescent
water (vl = 0) and (b) with liquid co-flow (vl = 0.38 m/s). The bubble formation
time of the new ((n + 1)th) bubble is plotted on the y−axis against the bubble
formation time of the previous (nth) on the x−axis. dn = 1.55 mm, 0.83 < Qg < 4.16
cm3/s.
was reduced and the Period-2 bubbling regime transition was defined more clearly
and a bimodal bubble formation time distribution was observed (not shown).
Period-2 bubbling is not observed with liquid co-flow (see Fig. 2.5f,h), as each
bubble is entrained by the co-flowing liquid and interaction of the growing bubble
with the preceding bubble is reduced. For high liquid co-flow velocities (see Fig.
2.12b), the spreading in bubble formation time becomes narrower with increasing
gas flow rates until coalescence is observed (for needles with dn < 1 mm only).
More experiments with higher gas flow rates are required to study the regime
transition to bubbling with coalescence for larger sized needles.
The spreading at low Qg results from a varying instantaneous flow rate V̇ as
the pressure drop through the needle is insufficiently large to maintain constant
flow and PR reaches a critical value. For increasing Qg, the pressure drop through
the needle increases (PR decreases) and the approaching constant flow condition
has a calming effect on the bubble formation process.
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2.4.1.5 Transitions between bubbling regimes
Four bubbling regimes, defined in terms of Fr and Bo as shown in Fig. 2.13,
are distinguished, namely intermittent bubbling, surface tension controlled (STC)
bubble formation, inertia controlled (IC) bubble formation and Period-2 bubbling.
The correlations proposed below for the regime transitions are for Bo in the range
0.1-0.6.
The colored filled markers in Fig. 2.13, without trend line, relate to the
transition between intermittent and continuous bubbling (see Fig. 2.8b), which
occurs at:
PR ≈ 4.5 (2.26)
A symbol denotes the lowest gas flow rate in the regime of continuous bubbling
while the bar indicates the range to the next measured (lower) gas flow rate where
the bubble formation showed at least one interval of bubble waiting. The open
black markers with trend line show the prediction of the weep point using Eq.
(2.26) and Eq. (2.20) for a needle length of 600 mm. The deviation of the data
from the prediction of the weep point using Eq. (2.26) for the small needles is
explained in terms of the accuracy of the mass flow controller at low gas flow
rates where the step size in Qg covers half a decade in the Fr domain.
Qcr for the transition between surface tension and inertial controlled bubbling
is obtained by analysis of the growth curves (see Fig. 2.6) for various needle
diameters and nondimensionalized to obtain Frcr:
Frcr,exp = 8.34Bo−1.37 (2.27)
as an optimal fit (see dashed line in Fig. 2.13). The theoretical expression
for Frcr, Eq. (2.5), agrees acceptably well with the experimentally obtained
correlation shown by Eq. (2.27).
Transitional Fr numbers FrP2 for the regime transition to Period-2 bubbling
are obtained by inspection of time return plots (see Fig. 2.12) and validated with
the high-speed camera (see Fig. 2.11). It is found that
FrP2 = 19.5Bo−2.24 (2.28)
where values for FrP2 obtained for higher viscous liquids were rejected for the
curve fitting, as the increased viscosity alters the bubble rise velocity and, there-
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Figure 2.13: Operating map for continuous bubbling in quiescent liquid. The
dashed line given by Eq. (2.28), denotes the transition to the Period-2 bubbling
regime. The dashed line given by Eq. (2.27) indicates the transition between
surface tension controlled and inertia controlled bubble formation. The open black
markers denote the transition from continuous to intermittent bubbling as given
by Eq. (2.26). Symbols as in Fig. 2.8 and 2.14.
The annotated black markers show Frcr data available in the literature: B07: ◆
Badam et al. (2007); Z01: ▸ Zhang and Shoji (2001); T93: ▼ Tritton and Egdell
(1993); T02: ◾ Tufaile and Sartorelli (2002); K97: + Kyriakides et al. (1997) (single-
double coalescence); K97: ● Kyriakides et al. (1997) (single - P-2 bubbling).
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fore, the onset of Period-2 bubbling. The measurements of FrP2 are compared
with results found in literature in the overlapping parameter regime and the
present estimate of FrP2, see Eq. (2.28), is found centered between the data of
Kyriakides et al. (1997) (●, dotted line) and Badam et al. (2007); Tritton and
Egdell (1993); Zhang and Shoji (2001).
A large spread in FrP2 values was found in literature; the transition to Period-
2 bubbling found by Tritton and Egdell (1993) is found to be well beyond the
transition to bubble formation with coalescence found by Kyriakides et al. (1997)
(+, dotted line). The data found by Tufaile and Sartorelli (2002) (for water)
seems to be in good agreement with the trend obtained in this study. While
the onset of bifurcation in bubble formation times [Tufaile and Sartorelli (2002)]
was found to be erratic, increasing liquid viscosity had a calming effect and the
transition to P2 bubbling could be clearly observed for higher viscosity liquids.
2.4.2 Bubble formation rates and diameters
2.4.2.1 Without liquid co-flow
Fig. 2.14 shows the bubble formation rate and bubble diameters as a function of
gas flow rate, needle dimensions and fluid properties as measured with a micro-
phone installed in the pressurized chamber. The bubble formation rate is 10-55
s−1, resulting in bubble diameters of 3.5-6.5 mm. Bubble diameters increase with
the gas flow rate and needle diameter. The growing error bars at higher gas flow
rates are due to Period-2 bubbling. A slight bend in the slope of the formation
rates is observed, indicated by a dashed line in Fig. 2.14 (a), which is ascribed
to the critical gas flow rate given by Eq. (2.4). Constant volume detachment
with a bubble volume of Vcr, Eq. (2.7), is not observed due to chamber pressure
and flow fluctuations and the inability to further reduce the flow rate without
emergence of intermittent bubbling and weeping. The bubble formation rate ap-
proaches constant frequency formation [Clift et al. (1978)] at high flow rates. A
slight change in the slope of the bubble formation rate is observed at gas flow
rates close to Qcr, see Eq. (2.4), as shown by the dashed line in Fig. 2.14a.
For the 0.79 mm I.D. needle, coalescence of two bubbles is observed for a small
range of flow rates at ≈ 1.2 cm3/s and beyond Qg > 2.1 cm3/s (see Fig. 2.14 a,b).
Therefore, results for Qg > 1.0 cm3/s are discarded from further analysis for this
particular needle diameter.
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Figure 2.14: Left: bubble formation rate. Right: bubble diameter as function
of the gas flow rate. (a)+(b): 0.79 < dn < 2.06mm and Ln = 600mm. (c)+(d):
dn = 1.55mm and µ = 1,5,10µw. (e)+(f): dn = 1.55mm and 400 < Ln < 800mm.
Error bars are shown at ± one standard deviation from the mean.
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Figure 2.15: Non-dimensional representation of the data shown in Fig. 2.14
according to the scaling laws of (a): Oguz and Prosperetti (1993), Eq. (2.6a,b) and
(b): Gaddis and Vogelpohl (1986), Eq. (2.8). For the legend see Fig. 2.14.
Viscosity (see Fig. 2.14c,d) has no significant effect on the bubble formation
rate and diameters for µl < 10µw for a 1.55 mm diameter needle, as the resulting
bubble diameter of bubbles formed in a liquid of 5.8µw and 10.1µw, with densities
of 1122 and 1153 kg/m3, are very similar. The increased density of the water-
glycerol solution does result in smaller bubble sizes compared to bubbles formed
in water. For the highest viscosity tested, Oh ≈ 3 × 10−2, which is very close
to the inviscid limit [Clift et al. (1978)] and a potential increase in bubble size
due to viscosity could not be distinguished from the effect of constant pressure
condition on the bubble formation. A sharp transition to Period-2 bubbling is
found at Qg ≈ 2.5 cm3/s, as indicated by the error bars. Although, Zhang and
Shoji (2001) shows that Period-2 bubbling occurs when Re > 200 (independent
of the liquid phase properties), it it found that the onset of Period-2 bubbling is
advanced to lower gas flow rates for higher liquid viscosities and Period-2 bubbling
occurs without intermittency. The increased liquid viscosity reduces the bubble
rise velocity and acceleration, which may enhance interactions between leading
and trailing bubbles.
The needle length (see Fig. 2.14e,f) has no significant influence on the re-
sulting bubble size, although the transition between intermittent and continuous
bubbling (weep point) occurs at lower gas flow rates for longer needles.
Fig. 2.15 shows the present non-dimensionalized results compared to the
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Figure 2.16: Parity plot for the proposed model for the dimensionless bubble
diameter as function of Fr,Bo. The dashed line (parity line) represents the model
equation, Eq. (2.29). For the legend see Fig. 2.14.
models of Oguz and Prosperetti (1993), Eq. (2.6a,b), and Gaddis and Vogelpohl
(1986), Eq. (2.8). The present data agrees well with the model of Oguz and
Prosperetti (1993) for high flow rates at constant upstream pressure. The results
converge to Eq. (2.6b), which is given as a dashed line in Fig. 2.15a. Eq. (2.6a)
is not recovered as the operating conditions in the present study do not represent
constant flow conditions and lower flow rates could not be maintained due to the
occurrence of intermittent bubbling. Bubbles formed at low/intermediate flow
rates under approximately constant pressure conditions may be up to twice as
large (in diameter) as bubbles formed at the same flow rate under constant flow
conditions [Clift et al. (1978)], which agrees well with the data in Fig. 2.15a.
The data obtained in the present study agrees reasonably well with the model
(for constant flow conditions) proposed by Gaddis and Vogelpohl (1986) as shown
in Fig. 2.15. At low flow rates, the measured bubble sizes are larger than the
model predictions, which is due to the deviation from constant flow condition.
However, at high flow rates through the 0.97 mm needle, the resulting bubble
diameter is overestimated. It should be noted that their model takes liquid vis-
cosity into account, whereas the data in this chapter shows that the viscosity is
unimportant for the resulting bubble diameter at viscosities lower than 10µw.
The dimensional analysis therefore resulted in a superposition of the form
d∗ = (aFrAx + bBoBx)1/x, i.e. in terms of just Fr and Bo. A minimization of the
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Figure 2.17: (a) Bubble formation rate and (b) bubble equivalent diameter for
bubble formation with liquid co-flow (see color bar). Error bars are plotted at ±
one standard deviation from the mean. +: di = 1.55 mm, ⊲∶ di = 1.19 mm, ○ ∶ di
= 0.79 mm.
residuals squared yields:
d∗ = (9.01Bo−0.80 + 1.57Fr0.58)1/3 (2.29)
Fig. 2.16 shows the performance of the model, Eq. (2.29), and it shows that this
model predicts the bubble diameter very well throughout the full range of gas




2.08Bo−0.27, if Fr → 0
1.16Fr0.19, if Fr >> Bo−1
(2.30)
For the high gas flow rate limit (Bo→∞), the pre-factor of 1.16 agrees well with
the literature described. At the limit for low gas flow rate (Fr → 0), constant
diameter detachment is not observed and Eq. (2.1) is not recovered.
2.4.2.2 In co-flowing liquid
Fig. 2.17 shows bubble formation rate and bubble diameter as function of gas
flow rate and liquid co-flow velocity (vl) for 0.79, 1.19 and 1.55 mm inner diameter
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Figure 2.18: Surface plot of the bubble diameter as function of gas flow rate and
liquid co-flow velocity. Error margins are plotted at ± one standard deviation. dn
= 1.55 mm, Ln = 600 mm.
needles. The formation rate of single bubbles without coalescence increases with
vl up to values of 125 s−1 for the smallest needle diameter tested. Fig. 2.18
visualizes the bubble diameter for the 1.55 mm diameter needle only.
For high gas flow rates in the presence of liquid co-flow, Period-2 bubbling
is not observed (see Fig. 2.5 and Sec. 2.4.1.4) and the spreading in the bubble
diameter becomes smaller with increasing vl.
At low gas flow rates, bubbling becomes more chaotic (see also Fig. 2.12b) for
increasing liquid co-flow and the transition to intermittent bubbling is advanced
to slightly higher gas flow rates. At high co-flow velocities, the bubble size distri-
bution narrows for increasing gas flow rates, which indicates a regime transition.
Therefore, a trough in the surface plot for the bubble diameter (Fig. 2.18) begins
to emerge at increasing co-flow velocity for low gas flow rates.
The critical bubble diameter as defined by Eqs. (2.1) and (2.7) is 3.3, 3.8 and
4.1 mm for a 0.79, 1.19 and 1.55 mm nozzle respectively. Sub-critical detachment
is observed at high co-flow velocities as bubbles detach from the needle with a
diameter smaller than the diameter predicted by Eq. (2.1). Analysis of the time
return plot for a liquid velocity of 0.38 m/s (Fig. 2.12b) confirms that bubble
formation intervals at such low gas velocities (and high liquid velocities) are
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Figure 2.19: Vb/Vcr vs. the non dimensional gas flow rate divided by the critical
gas flow rate for bubbling in co-flowing liquid, Eq. (2.31).
irregular. Sub-critical detachment, which distorts the surface tension/buoyancy
force equilibrium, in combination with a large pressure ratio, see Eq. (2.20),
impedes constant flow rate and, therefore, the transition to intermittent bubbling
is altered to higher gas flow rates.
An analysis, following the derivation of Oguz and Prosperetti (1993), was
performed to obtain an expression for Qcr,co to distinguish between STC and IC















where Qcr (the critical flow rate without co-flowing liquid) is given by Eq. (2.4)
and d∗cr is given by Eq. (2.1). The trough observed in Fig. 2.18 occurs at
Qg/Qcr,co < 0.5 (see Fig. 2.19) and no subcritical (Vb/Vcr < 1) detachment is ob-
served beyond this value. For high liquid co-flow velocities, all gas flow rates
are sub-critical and it is concluded that Qcr,co is not a good measure to distin-
guish between surface tension controlled and inertia controlled detachment. Fig.
2.19 also shows an increase in the slope of Vb/Vcr for increasing liquid co-flow
velocities, which leads to the conclusion that Vcr and Qcr,co are not suitable to
nondimensionalize the present data.
46
2.4 Results & Discussion









































Figure 2.20: Comparison of the present data with the models of (a) Sada et al.
(1978), (b) Chuang and Goldschmidt (1970), and (c) Oguz and Prosperetti (1993).
The dashed line in (a) shows Eq. (2.14); the dashed lines in (b)-(c) show the parity
line. Use the colorbar given in Fig. 2.17.
Fig. 2.20 shows the present data compared with the implicit models of Sada
et al. (1978), Chuang and Goldschmidt (1970) and Oguz and Prosperetti (1993).
The model of Sada et al. (1978), which is given by Eq. (2.14), performs
reasonably well at gas flow rates beyond the occurrence of the trough (see Fig.
2.18), where surface tension becomes less important compared to inertia.
The model of Chuang and Goldschmidt (1970), see Eq. (2.12), performs quite
well for high liquid co-flow velocities. The curves seem to converge to the parity
line for increasing co-flow velocities for all needles tested, but the bubble diameter
is strongly underestimated at low liquid velocities.
The model of Oguz and Prosperetti (1993), Eq. (2.16), is not suitable for the
tested conditions for two reasons:
 The assumption of constant flow is invalid for low gas flow rates and bubble
volumes are underestimated.
 When surface tension is ignored, bubble diameters are underestimated as
surface tension exerts a force against the direction of gravity, which becomes
important at small bubble diameters.
Obviously, the correlations from literature do not fit the co-flow data. There-
fore, a dimensional analysis was performed and it was found that d∗co = f(Fr,Bo,
vl/vg), where d∗co is the measured bubble diameter (with co-flowing liquid) to nee-
dle diameter ratio. The dependence of the dimensionless bubble diameter on the
velocity ratio vl/vg follows from the analysis of Sada et al. (1978) if v2l /(gdn) >> 1,
(see Eq. (2.13)) or from the approximation given by Oguz and Prosperetti (1993)
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(see also Eq. (2.16)). Viscous forces (Capillary number) were ignored as the
flow in the channel is turbulent and viscosity was found to have no effect on the
bubble size formed in quiescent liquid for liquid viscosities up to 10µw. Also, the
inner/outer diameter ratio was ignored as, by inspection of Fig. 2.5, the outer
diameter does not seem to influence the bubble formation process in the presence
of liquid co-flow.
A correlation for the bubble diameter is now proposed, based on a superpo-
sition of the correlation for the bubble diameter in quiescent liquid and a con-
tribution due to the liquid co-flow. The general model equation then reads as
d∗co = (d∗x + a ( vlvg )
y
)1/x, where d∗ is given by Eq. (2.29). The fitting parame-
ters a, x, y are obtained through minimization of the squared residuals and the
resulting correlation reads as:
d∗co = ((9.01Bo−0.80 + 1.57Fr0.58)





which is valid for both bubble formation in quiescent liquid and with co-flowing
liquid.
Fig. 2.21 shows a parity plot of the experimentally obtained bubble diameter
(for continuous bubbling) against the model prediction by Eq. (2.32). The dotted
lines show the ±10% deviation from the parity line. The model performs very well
for a range of non-dimensional bubble diameters (d∗ > 2.5) with all data falling
between a ±10% interval. Several model equations, by parametrization of the
coefficients in Eq. (2.29), as well as equations based on different dimensionless
numbers (e.g. We, Frl), were evaluated, but no better fit was found.
The velocity ratio vl/vg may be interpreted as the ratio of the entrainment due
to the liquid co-flow velocity vl to the imposed gas velocity vg, which is related








Therefore, it was found that the bubble formation process is to a great extent
controlled by liquid drag and entrainment. A similar velocity ratio can be rec-
ognized from the correlation proposed by Sada et al. (1978), see Eq. (2.13), and
the model developed by Oguz and Prosperetti (1993), see Eq. (2.16). More ex-
periments are required under constant flow conditions, to validate the model for
bubble formation in the quasi-static (gas) flow regime.
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Figure 2.21: Parity plot for the proposed model for the dimensionless bubble
diameter as function of vl/vg. d
∗
0 is the bubble diameter as function of Fr,Bo in
the absence of coflow, as given by Eq. (2.29).
2.4.2.3 Literature comparison
Fig. 2.22a shows the performance of the present model with respect to data found
in literature for bubble formation in quiescent liquid. As lots of data is available,
a selection was made and the present data is compared to the data of:
 studies who also reported bubble diameters formed from needles in co-flowing
liquid [Sada et al. (1978); Takahashi et al. (1980); Terasaka et al. (1999)];
 a comprehensive study reporting on bubble diameters formed from various
needles in various liquids under constant flow condition [Jamialahmadi et al.
(2001)]; and
 bubble formation formed from needles connected to a pressurized chamber
[Kupferberg and Jameson (1969); Oguz and Prosperetti (1993); Terasaka et al.
(1999)].
It can be seen that the proposed model works very well for high gas flow rates
and various liquids as all data series converge to the parity line. The present model
overestimates the bubble volume at low gas flow rates; deviation from constant
flow condition in the present study, explains this divergence as Eq. (2.32) does
not reduce to Eq. (2.1) for low gas flow rates (for bubble formation in the quasi-
static flow regime). The model underestimates the experimental data found by
Kupferberg and Jameson (1969) and Terasaka et al. (1999), as these
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Table 2.3: Clarification of the symbols used in Fig. 2.22. CP: constant chamber
pressure; CF: constant flow conditions.
Ref. dn Qg vl Vch µl σ
mm cm3/s cm/s cm3 cP N/m
Fig. 2.22 (a)
K69 6.3 9-93 - 500
J01 1.0 1-15 - CF
J01 2.0 1-15 - CF
J01 3.0 1-15 - CF
J01 2.0 0.6-11 - CF 23.5
S78 0.86 0.2-3.3 - CF
T80 1.69 0.019-7.7 - CF
T80 3.03 0.015-8.5 - CF 10 71.8
T99 1.19 0-5.1 - 50
Fig. 2.22 (b)
O93 2.0 1.6 0-200 CP
O93 2.0 7.8 0-200 CP
S78 0.86 0.83 0-155 CF
S78 0.86 1.6 0-155 CF
S78 0.86 4.8 0-155 CF
S78 3.05 4.8 0-155 CF
S78 3.05 12 0-155 CF
S78 3.05 15.8 0-155 CF
T80 1.69 0.019-7.9 20 CF
T80 1.69 0.011-9.5 30 CF
T80 1.69 0.019-8.9 10 CF 10
T80 1.69 0.016-8.3 20 CF 30
T80 1.69 0.014-7.8 30 CF 1.6 43
T80 1.11 0.012-7.6 30 CF 1.6 43
T99 1.19 0-5.1 8.7 50
T99 1.19 0-5.1 13 50
T99 1.19 0-5.1 17.3 50
studies were (also) performed using a pressurized chamber upstream the needle
and, therefore, constant flow condition was not satisfied. Bubble diameters are
found to be highly dependent on the needle length/diameter and chamber volume,
as bubble diameters reported by those authors were found to be much larger than
bubble diameters (found in literature) measured under constant flow condition.
Fig. 2.22b shows the performance of the present model with respect to data
found in literature for bubble formation in co-flowing liquid where:
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Figure 2.22: Parity plot of the model prediction, equation Eq. (2.32), x−axis,
and data found in literature y−axis. (a) Bubble formation in quiescent liquid (left
column); (b) bubble formation with liquid co-flow (middle and right column). The
working liquids are water, unless otherwise mentioned. See Tab. 2.3 for clarification
of the symbols.
K69: Kupferberg and Jameson (1969); J01: Jamialahmadi et al. (2001); S78: Sada
et al. (1978); T80: Takahashi et al. (1980); T99: Terasaka et al. (1999); O93: Oguz
and Prosperetti (1993) (numerical, constant pressure).
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 vl was varied and Qg fixed [Oguz and Prosperetti (1993); Sada et al. (1978)],
or
 Qg was varied and vl fixed [Takahashi et al. (1980); Terasaka et al. (1999)].
The proposed model performs well for higher values of d∗ (increasing Qg) for
various liquids. The model underestimates the bubble volume at low Qg or high
vl, as bubbles are formed under sub-critical diameters, Eq. (2.1), and bubble
formation is surface tension - inertia (drag) controlled, which effect is not incor-
porated in the ratio vl/vg. This regime was excluded in the analysis, as bubbles
are formed intermittently (see Fig. 2.12b) due to the non-constant flow condi-
tion. The bubbles sizes reported by Terasaka et al. (1999) (with co-flow) are much
larger compared to the present study and other reported studies for both bubbles
formed in quiescent liquid and co-flowing liquid as a result of using a pressurized
chamber and a short nozzle (large kor, small flow resistance). More detailed ex-
periments with different chamber volumes and short needles (large PR, see Eq.
(2.20)) are required to correlate the bubble size with Vch and Ln.
2.5 Conclusions & Recommendations
New experiments were performed to study the bubble formation process with
and without liquid co-flow under approximate constant chamber pressure and
the present data was compared to models existing in the literature.
It was found that the model of Gaddis and Vogelpohl (1986) described bub-
bling in a quiescent liquid reasonably well, but does not describe the present
results at low flow rates as the operating condition differs from constant flow
condition. The literature correlations for the bubble formation in the presence of
liquid co-flow were found to poorly agree with the data obtained in the present
study. Therefore, a correlation is proposed for the bubble diameter formed in
both quiescent and co-flowing liquid, where d∗ = f(Fr,Bo, vl/vg) only. The newly
proposed correlation relates to inertia controlling and surface tension dominated
bubbling dynamics and is found to be accurate for low viscosity liquids, Bo num-
bers in the range of 0.1-0.6, and the vl/vg ratio up to 0.33. The new correlation
was tested on previously reported studies and it was found that this correlation
performs very well for a broad range of gas flow rates, liquid velocities and liquid
viscosities under approximately constant pressure conditions.
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Bubble growth curves were obtained by image analysis (taken with a high
speed camera) and bubble formation intervals were determined using a micro-
phone, which was attached to the pressurized chamber to detect pressure fluctu-
ations. This novel technique of using a microphone to detect bubble formation
times is highly effective whereas the amount of data (compared to high-speed
imaging) is relatively small. The experimental data is useful for validation of
numerical or physical modelling (Rayleigh-Plesset with non-constant supply pres-
sure).
An operating map was constructed for bubbling in quiescent liquid to distin-
guish between surface tension controlled and inertia controlled bubble formation,
where experimental evidence was found for a critical flow rate as proposed by
Oguz and Prosperetti (1993)) and between single and Period-2 bubble formation.
Experiments with constant flow conditions are required to confirm the correla-
tion for the critical flow rate and more experiments (at higher gas flow rates) are
required to obtain the regime transition (from Period-2 bubbling) to coalescence
for both bubbling in quiescent and co-flowing liquid. Time return plots were used
to analyse the chaotic behaviour of the system and were shown to be useful in
determining the occurrence of Period-2 bubbling.
The ratio PR of a Laplace pressure (based on nozzle diameter) to the Hagen-
Poiseuille pressure drop for laminar nozzle flows was introduced to discriminate
between constant flow rate and constant chamber pressure. In addition, this
pressure ratio is good indicator for the emergence of intermittent bubbling (or
weep point), but more detailed experiments (more orifice sizes, liquids, chamber
volumes) and chamber pressure measurements are required to investigate this
transition. For the design of spargers, where a uniform bubble size distribution is
requisite, it is recommended to operate at low values of PR (approaching constant
flow conditions), where intermittent bubbling and weeping is less likely to occur.
A2.6 Derivation of Qcr,co
Following the derivation of Oguz and Prosperetti (1993) for Qcr, the co-flow
entrainment distance vlt is added to the rise distance
1
2gt
2, where t is time and
Rb is the bubble radius. The bubble centre (Rb) has risen an amount of:
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π2gR5b = 0 (A2.37)






2gRb + v2l + vl) (A2.38)





















The critical bubble diameter (when surface tension and buoyancy are in equilib-







At a flow rate of Qcr, when, during time t, the bubble centre has risen an amount








































(LDV) experiments on a bubble
train
In order to assist in designing a multi-needle gas sparger for scaling up purposes to
a larger scale, Laser Doppler Velocimetry (LDV) measurements were performed
on a bubble train formed from a single submerged nozzle in a square channel
of 70×70 mm. Based on the experiments described in the previous chapter, a
1.55 mm diameter nozzle was selected to steadily form bubbles in the desired
size range db = 4.2-6.2 mm (2.8 < Eo < 5.2) at a rate of 20-30 bubbles/second
(Qg = 1.04-4.17 cm3/s). Vertical (axial) and horizontal (radial) velocities were
measured in a plane through the center of the nozzle. High speed imaging was
used to determine local void fractions in vicinity of nozzle to analyze whether
velocity realizations were made inside the liquid or gas phase and LDV data rates
were found to be significantly lower in the vicinity of the nozzle outlet due to the
interception of the laser beams. Self similar liquid velocity profiles were found
in the bubble plume and it is shown that growth of the bubble plume width is
almost independent of the gas flow rate. Finally, entrainment coefficients were
determined and satisfactory agreement was obtained compared to data existing in
the literature. The data reported in this chapter shows high potential for usage
in CFD (validation) studies on a bubble scale, e.g. Direct Numerical Simulations
(DNS), as well as for validating models for forces acting on a bubble (including
the effect of the presence of other bubbles) in an Eulerian-Lagrangian or Eulerian-
Eulerian (two-fluid) framework.
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3.1 Introduction
In order to use Laser Doppler Velocimetry (LDV) for a large scale bubble column
with high void fractions, exploratory experiments were performed on a simple
bubble plume under well controlled conditions. Similar experiments with LDV
were carried out for very dilute bubble plumes by Durst et al. (1986); Groen et al.
(1999) or with Particle Image Velocimetry (PIV) as in Aliyu et al. (2018); Besbes
et al. (2015) for more dense bubble plumes. Also, several modeling approaches
were attempted by Asaeda and Imberger (1993); Durst et al. (1986); Mcdougall
(1978); Wüest et al. (1992) using a two-fluid model or integral plume models using
a mixture density. Rzehak et al. (2017) shows numerically and experimentally
that bubble streams from a line of small (∅ 0.25 mm) needles, at a needle spacing
of 22 mm, start mixing approximately 40 mm above the nozzle outlets.
This chapter describes LDV experiments carried out on a bubble plume (bub-
ble train) where the flow is driven by uniform large bubbles in the range 4.2-6.2
mm (2.8 < Eo < 5.2, wobbling regime), formed separately from a single (∅ 1.55
mm) needle, for gas flow rates up to 4.16 cm3/s. Important information obtained
on the spreading rates and liquid entrainment rates of a bubble plume assists
in designing a needle sparger, especially the needle-to-needle distance (spacing).
Then, an estimate can be made on what length scales (above the nozzle outlet)
a bubble train may start to interact with neighboring bubble plumes.
3.2 Experimental
3.2.1 Test setup
Experiments were carried out in a square 70×70 mm transparent flow channel as
depicted in Fig. 3.1. Bubbles were formed from a nozzle of 1.55 × 2.05 × 75 mm
Table 3.1: Experimental settings. Qg: Gas flow rate; fb: bubble formation rate;
db: bubble diameter; H: water height (submergence).
Exp. Qg fb db H
[cm3/s] [s−1] [mm] [mm]
1 1.04 20.1 4.6 195
2 2.08 27.9 5.2 195
3 3.13 31.3 5.8 195












Figure 3.1: Schematic drawing of the smaller scale setup (modified from the test
set-up used Chapter 2). 1) Pressurized chamber with Vc ≈ 500 cm
3; 2) 0.46 i.d. ×
50 mm capillary insert; 3) 1/15” i.d. × 800 mm flexible polyurethane tube; 4) 1.55
i.d. × 75 mm nozzle; 5) Liquid pool. FC: Flow Controller; LDV: Laser Doppler
Velocimeter; H: Water height.
(i.d. × o.d. × length), which is mounted in the center of the column. The nozzle
outlet is located ≈ 75 mm above the bottom of the column and the column was
filled with filtered water up to H = 195 mm above the needle outlet. The nozzle
was attached to a 800 mm × 1.67 mm i.d. flexible tube. The flexible tube was
connected to a pressurized chamber of ≈ 500 cm3 with a 50 mm × 0.46 mm i.d. ×
1/16” o.d capillary tube inserted in the flexible tube in order to prevent weeping
and/or intermittent bubbling (see Sec. 2.4.1.1) and to form bubbles under a
constant flow rate (see Sec. 2.4.1.2)
The flow rate of compressed air to the pressurized chamber is regulated by a
Bronkhorst El-Flow Select Mass Flow Controller in the range 0-250 cm3/min and
the experimental settings are shown in Tab. 3.1. Bubble formation rates were
measured with a stroboscope and found to be in good agreement with the bubble
formation rates measured by means of a microphone in a separate experiment.
Four flow rate settings are investigated, viz. 1.04, 2.08, 3.13, 4.17 cm3/s and
the corresponding bubble formation rates are: 20.1, 27.9 31.3, 32.8 bubbles per
second (see Tab. 3.1).
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(a)
(b)
Figure 3.2: Laser Doppler Velocimetry measurement locations. The nozzle outer
diameter is 2.05 mm and inner diameter is 1.55 mm. (a) A train of bubbles is
shown as illustration. (b) A close-up of the region in the vicinity of the nozzle
outlet. The gas flow rate is 4.16 cm3/s and bubbles are formed at a rate of ≈ 33
s−1.
3.2.2 High-speed imaging
Fig. 3.2a shows a photograph of the bubble train with the LDV measuring
volumes indicated by the red markers (discussed below) and Fig. 3.2b shows a
close-up of the region in the vicinity of the nozzle outlet. Images from the bubble
formation process (close-up view) were acquired for 5 s with a high-speed camera
(IDT X-Stream XS-4) at a resolution of 512 × 512 pix at frame rate of 800 fps.
The images are binarized (water = 0, bubble = 1) and averaged (see Fig. 3.3) to
obtain the local void fraction. The region in the vicinity of the nozzle outlet has
a void fraction very close to one, indicating that the LDV measuring volumes are
mainly located inside the bubble.
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(a) (b) (c) (d)
Figure 3.3: Contour plots of the local gas fraction by image averaging of the
bubble shapes obtained through high-speed imaging. From left to right: Qg = 1.04
(a), 2.08 (b); 3.13 (c) and 4.17 (d) cm3/s. The scale (mm) is given on the left hand
side of the figure. Contour levels are drawn every 10%.
3.2.3 Laser Doppler Velocimetry measurements
The water was seeded with 4 µm nylon particles and Laser Doppler Velocimetry
(TSI PowerSight TR-SS-2D, 360 mm focal length) experiments were performed
to measure the axial and radial liquid velocities in and around the bubble train
in a planar sheet through the center of the nozzle (see Fig. 3.2). The size of the
formed measuring volume is an ellipse with a width of ≈0.1 mm and a depth of
≈1 mm. Measurements were taken at 19 transverse locations in the range x =-
17.5...17.5 mm and 9 axial locations in the range y =1...150 mm, with coordinate
(0,0) being the center of the nozzle outlet. Data was acquired for 60 s or until
10.000 coincident particle measurements were validated. The LDV parameters
(Bandpass filter and Downmix Frequency) were set such that x-velocities (u) in
the range [-0.5,0.5] m/s and y-velocities (v) in the range [-0.4,0.7] m/s could be
resolved.
59
3. Laser Doppler Velocimetry (LDV) experiments on a bubble train
3.2.4 Data processing
3.2.4.1 Data rates
For multiphase (bubbly) flows, the data rate suffers from bubbles intercepting
laser beams and preventing the formation of a measuring volume and Ohba et al.
(1976) showed data rates exponentially decrease with the void fraction α and
depth of the test channel.
Fig. 3.4 shows contour plots of the data rate for the experiments shown in
Tab. 3.1. The top row (a-d) shows data rates (velocity realizations per second)
measured on Channel 1 (yellow laser, vertical velocity) and the bottom row shows
data rates measured on Channel 2 (green laser, horizontal velocity). Data rates
as high as 1300 Hz were obtained on Channel 2 and up to 800 Hz on Channel
1. The data rates on Channel 1 suffered due to a faulty laser not being able to
operate at maximum power (300 mW). Lower data rates were found in center
of the bubble train as passing bubbles intercept the laser beams and prevent a
measurement volume (fringes) being formed.
The measuring volume for the measurements in the range y < 5 and ∣x∣ < 3
mm is formed mostly at the inside of a bubble (see Figs. 3.2 and 3.3). While
the data rate is still reasonably high (≈ 250 − 350 Hz), there are no clearly re-
peating gaps in the velocity trace (see Fig. 3.5a,e), indicating that some velocity
realizations must have been made of the bubble interface and/or gas velocity
(the measuring volume is not very small compared to the bubble size). As the
bubble has a very well defined shape while attached to the needle, a measuring
volume could have been formed (partially) inside a bubble, and it remains uncer-
tain whether velocity realizations (if any) belong to the gas, liquid or interface
velocities. Intensity validation of the velocity measurement is recommended to
distinguish between tracer particles (low burst intensity) and bubble interfaces
(high burst intensity). Further away from the nozzle, the bubble shape is more
irregular, which complicates the formation of a measuring volume inside a bub-
ble. Measurement volumes are then intercepted by the passing bubbles at a rate
similar the bubble formation rate or less due to wandering of the bubble plume
and velocity measurements more certainly belong to tracer particles.
The low data rates found at the left top of the column (12.5;150) are due to










































































Figure 3.4: Contour plots of the data rate. From left to right: Qg = 1.04 (a,e),
2.08 (b,f); 3.13 (c,g) and 4.17 (d,h) cm3/s. Top: Channel 1 (vertical velocity v);
bottom: Channel 2 (horizontal velocity u).
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Table 3.2: Velocity bias correction methods.
ωi Description
1 Uncorrected: Vuncorr. No bias if uniform (re)sampled




Weighed by the inverse of the velocity magnitude
McLaughlin (1973): VIV W . Requires coincident measure-
ments of three components or unidirectional flow assump-
tion: u,w << v.
tg Weight by the gate time (burst duration). Uniform seeding
approximation Hoesel (1977): VGTW .
∆tp Weight by time between particles. Non-uniform seeding
approximation Hoesel (1977): V∆TW .
The data rate of coincident particle measurements (to measure Reynolds
stresses u′v′) are limited by the lowest data rate multiplied by the probability that
a particle is detected simultaneously on both channels. A small mis-alignment of
both lasers, such that their measurement volumes are poorly overlapping, strongly
affect the coincidence data rate and data rates of not more than 400 Hz were ob-
tained in coincidence mode.
3.2.4.2 Velocity bias correction
As particles are randomly sampled over time (Poisson-based distribution), fast
particles are more likely to travel through the measurement volume and calcu-
lation of the mean velocity may be biased towards the higher velocity particles.







and several velocity bias correction methods exists and shown in Tab. 3.2. If
ωi=1, no correction is applied. In case the particles are uniformly sampled or
resampled (using a Nearest Neighbor Method), the velocity bias is eliminated.
McLaughlin (1973) proposed to weigh each velocity measurement with the
velocity magnitude of the particle. This method requires simultaneous measure-
ments of all three velocity components, which is very difficult to realize. A unidi-
rectional flow approximation may be applied if the measured velocity component
v is much larger than its orthogonal velocity components u,w, but the velocity
bias may be overcompensated when this assumption turns out false.
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Figure 3.5: Velocity traces (left) and velocity histograms (right) in the center of
the bubble plume (x =0). (a,b) Qg = 1.04 cm
3/s. y =5 mm; (c,d) Qg = 1.04 cm
3/s.
y =150 mm; (e,f) Qg = 4.17 cm
3/s. y =5 mm; (g,h) Qg = 4.17 cm
3/s. y =150 mm;
The (bias corrected) mean velocities are given on the right.
63
3. Laser Doppler Velocimetry (LDV) experiments on a bubble train
Hoesel (1977) proposed two methods to account for the velocity bias. The
first method accounts for the velocity bias in a uniformly seeded flow. The weight
factor for each velocity measurement is the ”gate time” tg, which is the duration of
the LDV signal (burst) and may be interpreted as the residence time of a particle
in the measurement volume. The second method accounts for the velocity bias in
a non-uniformly seeded flow. The weight factor is the separation time ∆tp between
two velocity measurements, which is based on the assumption of constant velocity
between velocity measurements. Fig. 3.5 shows velocity traces and velocity
histograms for measurements in the center of the plume in the vicinity of the
nozzle outlet (a,b,e,f) and at a location far downstream (c,d,g,h) for two different
flow rate settings (Exp. 1 & 4). The data rates and (bias corrected) mean
velocities are given on the right. The inverse velocity bias correction VIV W is not
suitable as velocities close to zero are measured and a uniform flow assumption
is incorrect. Due to long ∆tp’s as a result of passing bubbles intercepting the
laser beams, the (high) velocity measurements of the bubble front/wake may be
overpopulated in both (1) the resampled signal (Nearest Neighbor Method) and
(2) the separation time weighted average V∆TW . For most cases, V∆TW and VNNR
are considerably larger than Vuncorr. Therefore, the gate time weighed average
VGTW is recommended and used in the remainder of this chapter as it does not
depend on assumptions of the fluid/bubble velocity during the inter-particle times
and a bias due to the presence of bubbles is minimized.
3.2.4.3 Power Spectral Density estimates
Fig. 3.6 shows Power Spectral Density estimates of the vertical velocity compo-
nent for the four flow rates investigated at a height of (a) 20 mm and (b) 150 mm
above the nozzle outlet. In order to approximate the autocorrelation function
(ACF), a Nearest Neighbor Resampling method was adopted where the resam-
pling rate was half of the original data rate. The bubble formation rates are clearly
visible in the vicinity of the needle (a), whereas no dominant peaks are visible in
the spectra at a height of 150 mm above the needle (b). A While several meth-
ods (uniform resampling, slotted autocorrelation technique (TSI FlowSizer)) are
available to estimate the ACF, Broersen (2006) developed an Auto-Regressive-
Moving-Average (ARMA) model, which may be used to analyze irregular sampled
series to obtain more information at the high-frequency end of the spectrum. A
comparison of these different methods is out of the scope of this chapter.
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Figure 3.6: Power Spectral Density estimates using a Nearest Neighbor Resam-
pling method. (a) y = 20 mm and (b) y = 150 mm.
3.3 Results & Discussion
3.3.1 Velocity vector fields
Fig. 3.7 shows the velocity vector fields of the averaged mean velocities. The
velocity in stream wise direction V shows a self-similar (Gaussian) profile as a
function of the height y, while the lateral velocity is close to zero or slightly
pointing to the center of the column. The width of the plume increases with
increasing height in the column due to entrainment of the surrounding liquid in
the bubble train and flow reversal occurs at edge of the bubble plume which is
hardly visible in Fig. 3.7.
Fig. 3.8 shows contours of the turbulent kinetic energy, calculated as:
k = 1
2
(u′u′ + v′v′) (3.2)
where u′ and v′ denote the fluctuating velocity component in the x− and y−
direction respectively. The velocity fluctuations in tangential direction w′ are
assumed to be negligible compared to the axial and radial velocities.
Strong velocity fluctuations are observed in the center of the bubble plume
due to fluctuations in liquid velocity at a rate of the bubble formation rate due to
the passing bubbles. Highest values for k are observed at some distance above the
nozzle where the bubbles reached their terminal rise velocity, while still following
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Figure 3.7: Vector plots of the mean velocities as obtained from the Laser Doppler
Velocimetry data. A reference vector of 0.2 m/s is plotted in the box in each figure.
From left to right: Qg = 1.04 (a), 2.08 (b); 3.13 (c) and 4.17 (d) cm
3/s.
an almost straight rise path (see Fig. 3.2). As the bubble plume starts to oscillate
higher in the column, the bubbles spread in lateral direction and the intensity of
the velocity fluctuations spreads out.
3.3.2 Self-similar velocity profiles
Fig. 3.9 shows the mean vertical velocity V as function of the lateral position
x, for various heights y above the nozzle outlet and four flow rate conditions (a-
d). The lateral profiles of the vertical velocity were approximated by a Gaussian
curve and, assuming radial symmetry (the lateral coordinate x becomes the radial
coordinate r), an equation in the form of:
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Figure 3.8: Contour plots of the turbulent kinetic energy k.
was fitted through the data (see dashed lines). Vc is the mean velocity in the
center of the bubble plume, b the width of the bubble plume and rc is a small
correction to account for the lateral drift due to a slight tilt of the column. Good
data fits were obtained with R2 mostly > 98%. As Eq. (3.3) is assumed to be valid
for a nozzle bubbling in an infinite domain, it does not allow negative velocities,
which occur outsize the bubble plume to comply with mass conservation in a
column of finite size.
Fig. 3.10 shows (a) the vertical velocity in the center of the plume Vc and
(b) the width of the plume b as a function of the axial distance y from the
nozzle outlet. The filled markers show the measured mean velocities, whereas
the open markers/dashed lines show the results from the fitting of the velocity
data to Eq. (3.3). Vc increases with y in the range 1-20 mm for all flow rates
due to acceleration of the (added mass) of the bubbles. The center velocity then
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Figure 3.9: Lateral profiles of the stream wise velocity for various locations (in-
dicated by symbol + color) above the nozzle outlet. From left to right: Qg = 1.04
(a), 2.08 (b); 3.13 (c) and 4.17 (d) cm3/s.
decreases due the dispersion of the bubble plume.
The mean velocity in the center of the plume increases with the gas flow rate
up to Qg = 3.13 cm3/s, as higher bubble formation rates lead to more velocity
measurements in the bubble wakes with a velocity of ≈ Urise.
A slight decrease of Vc is observed for a flow rate of 4.16 cm3/s (Fig. 3.7,3.9
d). At these high flow rates, a trailing bubble grows and departs in the wake of a
leading bubble, which is known as Period-2 bubbling (see also Figs. 3.2, 2.5b,d,
2.10 2.11). While this pair of rising bubbles may have a common wake, lower
velocities are observed as relatively more velocity realizations (compared to the
case Qg = 3.13 cm3/s) are obtained outside the wake region of a bubble (pair).
Fig. 3.10b shows that the spreading of the bubble plume b is almost inde-
pendent on the gas flow rate. A slight decrease in plume width may be observed
(y > 25 mm) with increasing gas flow rates up to Qg = 3.13 cm3/s. A negative
lift force coefficient for larger bubbles [Tomiyama et al. (2002)] may stabilize the
bubble plume as bubbles drift to the high velocity side, (the center of the bubble
plume) and causes smaller plume growth rates db/dy.
For Qg= 4.16 cm3/s, higher spreading rates are observed, which may be due
to the occurrence of Period-2 bubbling. As a trailing bubble accelerates in the
wake of a leading bubble, it may overtake the leading bubble and thereby creates
a source for lateral dispersion of the plume. Hence, higher spreading rates are
observed together with a decrease in center line velocity.
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Figure 3.10: (a) Centerline velocity Vc and (b) plume width b as function of
position above the nozzle outlet. The filled markers show measured velocities; the
open markers/dashed lines show results of the curve fitting, Eq. (3.3). (c) Liquid
flow rate ΦV ; and (d) momentum flow rate ΦM as computed by Eq. (3.4) and (3.5)
respectively.
3.3.3 Mass and momentum flows
Assuming a dilute plume (α → 0), the volumetric liquid flow rate, at any height
y can be given by:
ΦV (y) = ∫
∞
0
2πrV (r, y)dr = πb2Vc (3.4)
where V (r, y) is given by Eq. (3.3). Fig. 3.10c shows the liquid volume flow
rates as a function of height for the four different gas flow rates investigated. It
can be seen that ΦV increases with height and higher gas flow rates result in
higher liquid flow rates. As a result of entrainment of the surrounding liquid, ΦV
is up to ≈ 50× higher than the applied gas flow rates (at atmospheric pressure).
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For y < 20 mm, where the bubble accelerates to its slip velocity, the entrained
liquid is added to the wake of the bubbles. For higher values of y, an amount of
CAMQg, where CAM is the added mass coefficient (≈ 0.5), travels in the wake of
the bubbles, which is much smaller than ΦV . The majority of the flow rate is due
to liquid entrainment as a result of momentum transfer from the buoyancy force
of rising bubbles exerting a drag force on the fluid.
The flow rate of momentum can be calculated according to:
ΦM(y) = ρw ∫
∞
0




and is shown in Fig. 3.10d. For all cases, the liquid momentum increases with
height as potential energy of a rising bubble is converted to kinetic energy of
entrained liquid. For Qg up to 3.13 cm3/s, the momentum flow rate increases with
Qg, whereas there is no significant difference in ΦM between Qg= 3.13 and 4.17
cm3/s. This may be a result of Period-2 bubbling, where bubbles rise in pairs and
have a common wake and reduction in drag may influence the momentum transfer
rate. It should be noted that, especially for larger distances from the needle
outlet, the bubble plume width is not negligible compared to the column width
and the development of Vc and b may depend on the column dimensions. More
measurements (including outside the bubble plume) are required to investigated
this effect and a different model function should be developed to account for flow
reversal at the wall region.
3.3.4 Entrainment rates and literature comparison
The entrainment rate can be computed from the mass conservation around a hori-





where ε is the effective entrainment coefficient. The numerical derivative is taken
of the liquid volume flow rate shown in Fig. 3.10c and the entrainment coefficient
is calculated using Eq. (3.6) where b and Vc are linearly interpolated.
In order to compare results for different gas flow rates, Seol et al. (2007)








3.3 Results & Discussion

































Figure 3.11: Entrainment coefficient as a function of the slip velocity to charac-
teristic entrained fluid velocity ratio Us/(B/y)
1/3. Present results (colored symbols)
compared to the studies of Milgram (1983): ⧫; Seol et al. (2007): ∎ and Aliyu et al.
(2018): ▲.
where ∆ρ is the density difference, P0 is the atmospheric pressure and for small
needle submergence H, assuming incompressible flow, B ≈ gQg. The axial coor-
dinate y is then non-dimensionalized using B to obtain a ratio of the bubble slip
velocity (Us = 0.23 m/s) to the characteristic entrainment velocity:
Us
(B/y)1/3 (3.8)
Fig. 3.11 shows entrainment coefficients as a function of this non-dimensional
slip velocity, where the present data (colored markers) is compared to the data
reported in Aliyu et al. (2018); Milgram (1983); Seol et al. (2007). The present
entrainment coefficients are somewhat higher compared to previously reported
data as the current bubbles are quite large and formed separately, such that a
dilute bubble train is created with minimal wake interactions between preceding
bubbles. Therefore, each bubble has sufficient space to communicate its buoyancy
to the surrounding liquid, hence, liquid is entrained at a higher rate. More exper-
iments with a higher measurement density are required in order to get a smooth
derivative of the volume and momentum flows, which may then be used to build
and validate a model for the entrainment coefficient and momentum transfer rate.
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In addition, more data is required on the gas fraction α (using shadowgraphy, see
Fig. 3.3) for higher values of y to compare the spreading rate liquid momentum
of the plume width b with the spreading rate of the density deficiency.
3.4 Conclusions & Recommendations
The development of the liquid velocity in a bubble plume emitted from a single
1.55 mm nozzle is analyzed with Laser Doppler Velocimetry for four flow rates
in the range 1.04-4.17 cm3/s. It is found that the spreading rate of the plume is
almost independent of the gas flow rate. Contour plots of the velocity fluctuations
k, show that there are no significant disturbances in the fluid motion at sparger
level for a lateral distance of 5 mm beside the nozzle outlet. For designing a
multi-needle sparger, a needle spacing of > 10 mm for the selected needle size is
then sufficient to prevent interaction with the bubble formation at neighboring
needles in a line or array configuration.
Liquid velocity profiles (assuming self-similarity) were fitted to a Gaussian
curve. The obtained spreading rate of the bubble plume can be used to obtain an
estimate of the height above the nozzle outlet at which a bubble plume may start
to interact with the bubble plume formed from a neighboring nozzle. Volume
flow rates (due to liquid entrainment) and momentum flow rates were computed
and it was found that, when bubbles were closely spaced (Period-2 bubbling),
the momentum transfer rate is reduced, which may be due to drag reduction and
swarm effects. Entrainment coefficients, as a function of slip velocity, buoyancy
flux and plume height, were calculated and satisfactory agreement with literature
was observed.
The obtained data may serve as a strong reference case for validating DNS
simulations of a bubble train, but more experiments are required to further study
(1) momentum transfer rates and drag reduction due to the presence of other
bubbles; (2) the influence of the bubble size on the spreading rate of the bubble
plume, as small bubbles (at a similar buoyancy flux) may have a higher spreading
rate due to the change in lift force coefficient, and (3) the emergence of (bubble-
induced) turbulence by analysis of power spectral densities.
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The Limerick Bubbly Flow Rig:
Design, Performance, Hold-up
and Mixing Pattern1
As Euler-Euler CFD simulations of bubbly flows suffer from uncertainties due to
the many underpinning models, there is an obvious need of accurate experimental
data for validation. With this in mind, a new bubbly flow test rig was built to be
operated with and without liquid co-flow, with bubble size as uniform as possible
in the range 4-7 mm, and with a very even horizontal bubble distribution. The gas
sparging system was designed such that it can also produce an essentially bi-modal
bubble size distribution. The column consists of two square inlet sections to allow
for studying the mixing of two originally separated bubbly flows with either the
same or a different bubble size. The bubbles are produced from 2×196 needles,
bubble sizes are determined with high-speed imaging and with a simple acousti-
cal method, and overall volume fractions in the column by means of air chamber
pressure measurements and bed expansion measurements. Overall volume frac-
tions are presented as a function of gas and liquid flow rates, with slip velocity
mostly increasing with increasing void fraction. First results are obtained on (a)
producing bi-model bubble size distributions and the pertinent volume fractions in
the column, and (b) flow patterns in the case of unequal aeration.
1Parts of this chapter have been previously published as Corné Muilwijk & Harry E. A.
Van den Akker, Chem. Eng. Res. & Des. 152 (2019), 106-122.
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Gas-liquid flows are widely encountered in the process and (bio)chemical indus-
tries in e.g., bubble columns, air-lift reactors and aerated stirred vessels. Com-
panies are interested in a reliable computational fluid dynamics (CFD) technique
to explore the effects of e.g. operating conditions, gas sparger design, bubble
size, and column or vessel geometry. Given the usually high volume fractions of
gas in such industrial gas-liquid systems, computational simulations are often of
the Reynolds Averaged Navier-Stokes (RANS) based Euler-Euler type rooted in
mutually interpenetrating two fluid modelling.
Such simulations exploit various, often complex, models for the liquid-bubble
interaction forces (drag, lift, virtual mass), for the lateral dispersion of the bub-
bles, and for the turbulent-flow conditions. Sometimes bubble induced turbulence
is taken into account [Fletcher et al. (2017)], in other cases it is ignored. In most,
or all, of these models, bubble size is an important parameter [Fletcher et al.
(2017); Pourtousi et al. (2014); Van den Akker (1998a)]. Usually, a single bubble
diameter has to be specified in such simulations, or the simulations have to be
extended with complex and complicating population balance models (to deal with
dynamic real-life bubble size distributions) such as the MUSIG model [Lo (1996);
Lucas et al. (2001)]; and all the above models comprise many model parameters
with disputable values which add to the uncertainty of the simulation results.
Many researchers have contributed to the development of improved models and
have presented and compared results obtained by various codes exploiting various
models [Khan et al. (2017); Masood and Delgado (2014); Pourtousi et al. (2014);
Rzehak et al. (2017); Rzehak and Krepper (2013a,b); Rzehak and Kriebitzsch
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(2015); Vaidheeswaran and Hibiki (2017); Zhang et al. (2015)]. The review by
Dhotre et al. (2013) is about large eddy simulations of dispersed bubbly flows
which suffer from similar modelling issues.
Even recent authors have stressed [Besagni et al. (2017); Fletcher et al. (2017);
McClure et al. (2014)] that there is a need of accurate and reliable experimental
data for validating such multiphase (Euler-Euler) CFD simulations. A bubbly
flow test rig was designed and constructed allowing for the acquisition of precise
experimental data, for validation purposes, under meticulously described condi-
tions amenable for reproduction in CFD simulations. The idea is to create bubbly
flows with and without liquid co-flow, with a bubble size as uniform as possible,
and with a very even bubble distribution across the horizontal cross-section at
the base of the column. This mimics computational simulations with a single
bubble size and an even gas supply over the cross-section of the column bottom.
The advantage of these features when common to experiments and simulations is
that it disentangles the effects of bubble size distribution and uneven gas sparging
from effects due to liquid-bubble interaction forces and two-phase flow turbulence.
This way, the need of population balances (in a non-coalescing system) is now
avoided.
Additionally, the gas sparging system was designed such that it can also pro-
duce an essentially bi-modal bubble size distribution homogeneously distributed
over the column base, with no coalescence taking place. In the latter case, a very
simple population balance may suffice.
Furthermore, the column is rectangular (facilitating optical accessibility) and
consists of two square inlet sections, each with its own gas and liquid supply
system, while the two bubbly flows (with the same or a different bubble size)
may mix from a certain distance above the gas distributors. The latter feature
may allow for validating interaction and lateral mixing of different bubbly flows,
e.g. such as in inhomogeneously aerated bubble columns [Alméras et al. (2018)],
and for studying the dynamics of self-organizing vortical structures [Chen et al.
(1994); Groen et al. (1996)]. Just a few studies have been performed on (lateral)
mixing of bubbly flows [Ayed et al. (2007); Climent and Magnaudet (2006); De
Tournemine and Roig (2010); Roig et al. (1998); Sene et al. (1994)], but in most
cases the bubbles were small and/or the mono-dispersity was poor.
In designing the test rig, the results reported in Chapter 2 on bubble formation
from a single needle with and without liquid co-flow were utilized. In addition, the
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present design was guided by the design of previously reported bubble columns
[De Tournemine and Roig (2010); Harteveld et al. (2003); Lance and Bataille
(1991); Roig et al. (1998)] and the Twente Water Tunnel [Poorte and Biesheuvel
(2002); Van Gils (2016)] (see Table 4.1). Compared to these earlier designs, the
present construction produces larger bubbles which may be industrially more
relevant, at least in aqueous systems (in organic liquids, bubbles are usually
smaller). Another feature of using larger bubbles is that the rise velocity of
individual gas bubbles in the range 4-7 mm is rather constant, viz. 23.5-24.5
cm/s [Clift et al. (1978)]. As a result, bubbles with a slightly deviating size may
still rise at more or less the same speed as the bubbles with the nominally uniform
size.
This Chapter describes the design and performance of the novel Limerick
Bubble Rig (”LimBuRig”) as well as the first experimental findings. The main
characteristics of the LimBuRig are as follows:
 A transparent bubbly flow channel of size 400 × 200 × 2400 mm.
 Superficial gas velocity Usg up to 0.0625 m/s.
 Superficial liquid velocity Usl up to 0.5 m/s.
 Void fractions up to 25 % in the absence of co-flowing liquid.
 Accurate needle spargers capable of producing either a uniform or a bi-
modal bubble size distribution.
 Lateral mixing of two parallel bubbly flows with different Usg and/or Usl.
The structure of this Chapter is as follows. A detailed description of the test
rig is presented in Sec. 4.2. Sec. 4.3 introduces the experimental techniques used:
high-speed imaging and acoustic measurements for determining bubble sizes, and
gas chamber pressure measurements with the view of overall void fractions in the
column. The performance of the bubble sparger is analyzed in Sec. 4.4, while
overall void fraction data for uniformly aerated conditions - acquired by both
the above gas chamber pressure measurements and more common bed expansion
measurements - are discussed in Sec. 4.5. In Sec. 4.6, first results are reported


















































































































































































































































































































































































































































































































































































































































































































































































4. The Limerick Bubbly Flow Rig: Design, Performance, Hold-up
and Mixing Pattern
4.2 Description of the test rig
Fig. 4.1 shows a schematic drawing of the test facility named LimBuRig, which
stands for Limerick Bubble Rig. It shows two compartments in the lower column
section creating two separate bubbly flows, which start interacting downstream of
the trailing edge of a splitter plate. The superficial gas velocities left (L) and right
(R), denoted by Usg,L and Usg,R, and the superficial liquid velocities left and right,
denoted by Usl,L and Usl,R, can be varied independently. The superficial gas and
liquid velocities are defined as the volumetric flow rates to an inlet compartment
(at standard pressure) divided by its cross-sectional area (200×200 mm).
The height of the flow channel above the trailing edge of the splitter plate is
2470 mm and a free surface is created on top of the flow channel with symmetric
overflow to all sides. The width of the channel is 400 mm and the depth (not
shown) is 200 mm. Bubbles are formed by a needle sparger, which is further
discussed in Sec. 4.2.3, 170 mm below the trailing edge of the splitter plate. The
test rig can be operated in the following operating modes:
1. Uniform bubble column, with equal superficial gas velocity at the left and right
side of the column in the range 0.005 - 0.0625 m/s, Usg,L = Usg,R. The bed
height can be lower or equal to the column height.
2. Bubble column with a difference in aeration between the left and right side,
Usg,L ≠ Usg,R
3. Uniform bubble column (as 1.) with co-flowing liquid. The superficial liquid
(co-flow) velocity Usl (left/right equal) in the test section is in the range 0-0.5
m/s.
4. Bubbly flow channel with co-flow and mixing layer (with a difference in Usg
and/or Usl between the left/right side).
5. All of the above with either a uniform or bi-modal bubble size distribution.
A detailed description of all the essential components is given below.
4.2.1 Components and assembly of the test setup
Fig. 4.2 shows a 3D CAD drawing of the test facility and Fig. 4.3 shows a 3D
CAD assembly of the (internal) upstream components.
The test channel is made of 15 mm thickness polycarbonate sheet and 1/4”
BSPP access ports are drilled every 200 mm in the sides of the flow channel to
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Figure 4.1: Schematic drawing of the test setup where two parallel bubbly streams
of air/water flow are mixed in the test channel after the trailing edge of a splitter
plate. Both inlets - Left (L) and Right (R) - are seeded with bubbles from two
separated (1,2) air chambers (four in total), denoted by chamber L1,R1 (red), and
R2,L2 (black). The top of the channel is a free surface and overflowing water
is collected and recirculated. α: void fraction; Usg: superficial gas velocity; Usl:
superficial liquid velocity; Ug: gas velocity; Ul: liquid velocity; H: level height; db:
bubble diameter; Q: gas flow rate; X: split ratio.
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Figure 4.2: Assembly of the functional, visible components. 1) pumps; 2) flow
meters; 3) butterfly valves; 4) wafer swing check valves; 5) expanders; 6) air supply
connections; 7) inlet; 8) bend; 9) calming chamber; 10) contraction; 11) base flange;
12) test section; 13) overflow vessel; 14) free surface; 15) air outlet and level switch;
16) return pipe; 17) buffer vessel. 18) jet breaker. L) Left side inlet; R) Right side
inlet. The separation plates (components 7-11) are indicated with a dashed line.
80
4.2 Description of the test rig
Figure 4.3: Transparent 3D CAD drawing of the upstream components. 4-12)
see caption of Fig. 4.2; 19) frame; 20) honeycombs; 21) grid holder; 22) perforated
needle grids; 23) flexible tubes; 24) air chambers; 25) air chamber caps. For clarity
of the drawing, the components 4-6 and 22-25 are not shown in the right-hand side
channel.
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facilitate installation of measurement probes (optical fibre probes, conductance
probes, (phase-sensitive) hot-wire probes, etc.).
Two Sterling centrifugal pumps (No. 1 in Fig. 4.2) with variable speed drive
are installed to provide constant circulation of water at a liquid flow rate up to
0.02 m3/s ≡ 72 m3/h. Two DN100 (4”) Krohne Eletromagnetic flowmeters (No.
2) are installed to measure the liquid flow rates. The flow rate can be further
adjusted by manual operation of the butterfly valves (No. 3). Flow reversal is
prevented through installation of 4” swing check valves (No. 4).
Two stainless steel expanders (No. 5) to enlarge DN100 to DN300 were ma-
chined (MacNovate Ltd.) and connected to the inlet (No. 7). A blanking flange
with bore-through fittings (No. 6) is mounted to the secondary DN100 inlet of
the expanders to connect the air supply for the needle spargers.
The inlet is connected to a bend (No. 8) to change the flow direction from
horizontal to vertical. Corner vanes are installed in the bend with a mutual
spacing of 50 mm to reduce large turbulent flow structures. The cross-sectional
area of the vertical duct is 600 × 400 mm with a splitter plate in the middle to
create two separate channels of 300 × 400 mm.
A stainless steel calming chamber (No. 9) of height 600 mm and same cross-
section is equipped with two polycarbonate honeycombs (No. 20) in each channel
to condition the water flow. The dimensions of the honeycombs (Plascore GmbH)
are 298×395×100 mm and ∅3 mm cell size, resulting in laminar water flow through
the cells of the honeycombs. Two ∅63 mm holes are drilled in the (two) upper
honeycombs in order to mount the air chambers (No. 24) within the honeycombs.
25 mm holes are drilled in the (two) lower honeycombs to run through the air
supply and probe tubes.
A stainless steel contraction (No. 10) of height 700 mm was installed to reduce
the cross-sectional area (contraction ratio is 3) to meet the size of the inlet of
the test channel. The outlet of the contraction is 400 × 200 mm, resulting in two
square flow channels of 200 × 200 mm.
A flanged insert (No. 21) was machined from 20 mm Polycarbonate sheet,
where two 194 × 200 mm square openings were drilled with 12 mm in between,
to hold the grid of the sparger (No. 22) in place. 10 mm deep pockets of 198 ×
210 mm were machined from the top of the flanged insert and the needle grids
(No. 22) are countersunked in this pocket when assembled.
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The base flange (No. 11) is mounted on a steel framework (No. 19, discussed
later). The upstream components (No. 4-10,20-25) are mounted from the bottom,
whereas the test channel (No. 12) is mounted on top of this flange.
A Glassfibre Reinforced Plastic (GRP) vessel (Drayton Tanks Ltd.) of 686 ×
510 × 510 mm equipped with a 6” flanged outlet at the bottom of the short side
is used as overflow vessel (No. 13 in Fig. 4.2) and mounted on top of the test
channel and supported by the frame.
A 200 mm high 200 mm × 400 mm extension of the flow channel (No. 14)
was made out of 10 mm plastic sheet and fitted in the center of the vessel, such
that a free surface is created on top of the riser as the outlet of the overflow is
well above the outlet pipe. The cover of the vessel is equipped with a 63 mm
outlet pipe to vent air to ambient and an emergency float switch (to switch off
the pumps, No. 15). Overflowing water is recirculated back to the 2000 L buffer
vessel (No. 17) via a 150 mm drain pipe (No. 16).
A 2000 L GRP vessel (Drayton Tanks Ltd.) with two flanged DN100 connec-
tions at the bottom of the vessel is used as a buffer vessel (No. 17) and connected
to the pump inlets (not visible in Fig. 4.2). Filtered tap water (Everpure Claris
Ultra 2000-XXL filter) was stored in this vessel and was refreshed at least once
per month. A hole was machined in the cover of the buffer vessel and the 6”
return pipe (No. 16) crossed the cover and is kept in place by a 6” PVC flange
adapter and a hose clip. A ∅250 × 10 mm polycarbonate sheet is mounted with
M16 stainless steel threaded rods at a distance of 40 cm under the outlet of the
return pipe (No. 18) to break the water jet of the down coming water in order to
prevent bubbles from being entrained into the pumps.
4.2.2 Structural frame
A structural galvanized steel framework as shown in Fig. 4.4 was designed and
manufactured to support the bubble column structure. The design was outlined
by the author, further engineered by MacNovate Ltd. and constructed by Mossie
Lane Steel Fabrications Ltd.
The frame is CE marked for structural integrity and the design complies with
all current safety standards. The weight of the test setup is carried by the base
flange (No. 11), to which the flow channel (No. 12) is mounted from the top
and the upstream components from the bottom, see Fig. 4.3. The base flange
83
4. The Limerick Bubbly Flow Rig: Design, Performance, Hold-up
and Mixing Pattern
is mounted in the frame on the beams annotated by No. 19 at a height of
approximately 2.1 meter above ground level.
The static load on the carrying beams is 2000 kg, which is given by the
weight of the components plus the water contents. Wall mounting brackets (not
shown) are installed to increase the rigidity of the frame. Railings and feetboards
(not shown) are applied to ensure safe working and to prevent items falling from
the working platforms. An electrical hoist is installed directly above the bubble
column (No. 26) to allow lifting heavy components of the test setup.
In order to accommodate stairs (to avoid cage ladders), the angle of inclination
must be lower or equal than 70 degrees and the landing areas (denoted by No.
27) for the stairs has to be larger than 914 mm. With respect to those safety
standards, the stairs come in from the front and an extruded platform (lower
No. 27) is created to allow access to both the middle and the top platform. The
middle platform on the right (No. 28) has a lower elevation in order to install a
traversing table (for Laser Doppler Velocimetry measurements), as the clearance
height of the laser mounting platform and traverse feet is 35 cm.
The control units for the pumps and mass flow controllers are located on the
first platform under the stairs leading to the second platform (see No. 29). The
Mass Flow Controllers for the air flows are located on the second platform (at
No. 30), such that their position is always above the water level, and - in case of
air supply failure - back flow of water into the mass flow controllers is prevented.
A red welding curtain is installed to shield the laser lights of the LDV system.
4.2.3 Gas sparger
Needle spargers are fine and custom made devices to accurately produce bubbles
in a bubble column. An overview of some needle spargers used by others is
given in Tab. 4.2. In these cases a large amount of needles was required, such
that bubbles were ideally formed separately (without coalescence at the needle),
resulting in a bubbly flow with a very uniform initial bubble size distribution.
Fig. 4.5 shows a 3D CAD assembly (a) and a photograph (b) of one of the
two constructed needle spargers. Two Bronkhorst EL-FLOW F202AV mass flow
controllers, with accuracy ratings of ± 0.5 % of the reading ± 0.5 % of the full
scale, are installed to regulate the gas flow for each inlet compartment (sparger),
denoted by QL and QR in Fig. 4.1. The full scale of the Mass Flow Controllers
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Figure 4.4: 3D CAD Drawing of the frame. 19) H-beams which carry the base
flange (No. 11 in Fig. 4.2, 4.3); 26) location of electrical lifting hoist; 27) land-
ing platforms; 28) lower middle platform for measuring equipment (camera, Laser
Doppler Velocimetry traversing table); 29) location of pump controllers; 30) loca-
tion of gas Mass Flow Controllers.
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Table 4.2: Needle dimensions and flow rates for previously reported needle sparg-
ers. di: inner diameter and L length in mm.
Facility No. of Needle size Qn
needles di ×L [mm] [cm3/s]
Present 2×196 1.55×75 0.6 - 12.6
De Tournemine and Roig (2010) 2×576 0.33×800 0 - 14.5
Poorte and Biesheuvel (2002) (9×69) 621 0.5×50 0 - 2.7
Mudde et al. (2009) 559 0.8×200 1 - 3
Alméras et al. (2018) 1800 0.2 0.125-0.75
Lau et al. (2013) 20 1.0 1.5-9
Simonnet et al. (2007) 133 0.44×180 0-6
can be set at 55, 100, or 150 L/min. For the remainder of this chapter, the mass
flow controllers were operated at a full scale range of 150 L/min.
The flow to each sparger is then further divided over two streams and air is
supplied to the bottom of the (four in total) air chambers (No. 24).
4.2.3.1 Needle array in a perforated grid
Based on the experiments on bubble formation from a single nozzle as described
in Chapter 2, and the development of a bubble train as reported in Chapter 3,
it was decided to install 1.55 mm inner diameter needles, which are rather large
(compared to the study of De Tournemine and Roig (2010)), to facilitate the
formation of (almost) uniformly sized bubbles in the range 4-7 mm in volume
equivalent diameter.
In each compartment (left and right), a perforated grid (No. 22) comprises
14×14 (=196) straight cut stainless steel needles of 1.55×2.05×75 mm (Cooper
Needleworks Ltd), in a square array. By doing so, a compromise was made
between the number of needles (construction feasibility) and needle flow rate
(pressure drop, single bubble detachment). The grid, 198 x 210 mm in size, is
machined out of 10 mm Acrylic sheet. ∅ 3.25 mm holes were drilled in a square
array (14×14) with a spacing of 14.4 mm. The top 5 mm is drilled out further
with a ∅ 3.3 mm drill to improve the vertical alignment of the needles. ∅ 13 mm
boreholes (169 in total) were drilled in the interstitial spaces (in between each set
of 4 needles) and 26 half circles are drilled at the sides to allow for water flowing
through the grid into the test section. These needle grids are kept in place by a
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Figure 4.5: (a) 3D CAD assembly and (b) photograph of one constructed sparger
(top view), consisting of a 14×14 needle array (No. 22), two air chambers (No. 24),
and two caps (No. 25). Only a few flexible tubes (No. 23) are drawn for clarity.
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flanged grid holder (No. 21, see Fig. 4.3) and the open area for the water flow
amounts to 64 %.
Based on an experimental and numerical study of Rana et al. (2017a,b) and
the results reported in Chapter 3, the bubble formation of the neighboring nozzle
is assumed to have a negligible effect on the bubble formation as the nozzle-to-
nozzle distance is quite large (14.4 mm) compared to the bubbles formed and
coalescence between two nozzles is very unlikely.
4.2.3.2 Air chambers
Fig. 4.6 shows a 3D CAD assembly (a) and a photograph (b) of one complete
air chamber. The body of such an air chamber (No. 24a) is made out of ∅ 63 ×
57 mm plastic pipe (PVC or Polycarbonate) with a length of 225 mm. 98 tubes
(No. 23) are connected to the top of each chamber, using special made distributor
caps (No. 24b) with 98 perforations. These tubes connect the air chambers to
the needles in the grid (which is discussed below) and therefore, two air chambers
per compartment are required to connect all the 196 needles in a grid.
The distributor caps are 3D-printed (poly-lactic acid) with 100 % infill. Each
cap contains 98 boreholes of 3.25 mm, in which 1/15” × 1/8” × 800 mm flexible
polyurethane tubes (No. 23) are glued with Loctite superglue. 64 of these 98
boreholes were placed in a square array of 8 × 8 with a center-to-center distance
of 4 mm. The remaining 34 tubes are divided into four groups and placed at
the sides of the square array to obtain a circular (symmetric) pattern. This was
found to be the only configuration to accommodate the amount of tubes in the
available area. The top cap is glued to the pipe with sealant adhesive.
The bottom of an air chamber consists of two parts. One part is glued to
the pressure chamber (No. 24c) and contains threaded bars (only visible in Fig.
4.6b) which allows the second part (No. 25a-c) to be mounted and dismounted
from the bottom. An O-ring is fitted in between to seal the connection.
No. 24c was made out of polycarbonate and contains a 30 mm borehole in the
center. Eight holes were drilled from the bottom with a pitch circle diameter of
45 mm; seven of these eight holes were not bored through and equipped with M6
stainless steel threaded bars. One hole is drilled through and a 1/8” × 1/4” × 3.0
m polyurethane tube (No. 24d) was glued to this hole. This tube may be used
to drain the air chamber in case weeping has occurred and water has blocked the
needles and entered the air chambers.
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Figure 4.6: (a) 3D CAD assembly of one of the four air chambers. (b) Photograph
of a transparent pressurized chamber. The capillary inserts (top, inserted in the
black flexible tubes) are clearly visible.
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Part 25a (machined from PC) consists of a 10 mm ∅63 mm diameter circle
with four 10 mm notches at the circumference and one ∅29× 15 mm extrusion in
the center. Seven 6.4 mm holes (for the threaded bars) and one 6.8 mm hole (for
the 1/4” tube) are bored through with a pitch circle diameter of 45 mm. The
center is bored through and 3/8” BSPP threaded. Air is supplied to a chamber
by a 1/4”× 3/8” mm × 5.4 m polyurethane tube (No. 25b) which is connected to
the bottom of the cap by a 3/8” BSPP Swagelok compression fitting. These air
supply tubes cross the blanking flange (No. 6 in Fig. 4.2, 4.3) using 3/8” BSPP
Swagelok bore-thru fittings.
A 3/8” brass silencer (No. 25c) is mounted on top of the cap to reduce the
velocity head of the air jet and to accommodate equal supply pressure to each of
the 98 outlets.
The flow rate to each chamber Qch is measured by rotameters connected to
the air supply tubes (No. 25c) with a capacity of 5-50 L/min. The gas flow
rate per needle, Qn, is then calculated from the gas flow rate to an air chamber
divided by 98 needle outlets. The pressures in all these four chambers Pch are
continuously monitored by digital (Honeywell ABPDANT005PGAA5) pressure
sensors, with an accuracy rating of 0.25 % of the full scale (345 mbar), which are
connected to drain tubes of the air chambers (No. 24d).
4.2.3.3 Layout of needle-to-chamber connections
Fig. 4.1 and 4.5 show that the two compartments left and right each contain two
identical air chambers (No. 24), which are indicated by L1,L2 (Left) and R1,R2
(Right). The needles in a grid (196) are fed from two air chambers, such that
two neighbouring nozzles are always connected to a different chamber in a similar
method as in Harteveld et al. (2008). Under normal operation, the regulated air
flows are equally divided over two chambers (split ratio X= 50%, see Fig. 4.1),
whereas the split ratio can be further adjusted by manual gate valves in order
create a bi-disperse bubble size distribution (X ≠ 50%). Hereby, the option of
producing a homogeneously distributed bi-disperse bubble mixture was created
by supplying a different gas flow rate to each chamber – which is different than in
the facility of Poorte and Biesheuvel (2002) and De Tournemine and Roig (2010).
Fig. 4.7 illustrates the arrangement of the needles in a needle grid (No. 22)
and how the flexible tubes are connected to the distributor caps (No. 24b). The
positions 1-49 show how each individual outlet port of a distributor (Fig. 4.7b) is
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1                2             3                4
5                6             7 
8                9           10              11
12              13             14 
15              16             17              18
19              20             21 
22              23             24              25
29              30             31              32
33              34             35 
36              37             38              39
40              41             42 
43              44             45             46
47             48              49 
1       5       6     10     33    34     31    28
3       4      29    26
2       7      11    30     27
26              27             28 
12      9     14    18     36    37     35    32
16     13    17     21    43    40     41    38












Figure 4.7: Layout of the needles in the grid (a) and the connections to a cor-
responding distributor (b). The ∅ 13 mm holes for the water flow are not shown.
The colored needle positions denote the connections to one air chamber, whereas
the gray needle positions (not numbered) are connected to the other air cham-
ber (which is not shown). The different colors are drawn as a guide for the eye.
Only the colored upper halves (a,b) are numbered as the connection pattern is
rotationally symmetric.
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connected to its position in a grid (Fig. 4.7a) . The bottom halves of both parts
are not numbered as the layout is rotationally symmetric.
The arrangement for the second chamber in the sparger is similar to the
arrangement shown for the first chamber, but after a 90 degree rotation of the
grid (such that the gray circle at the right top becomes position (1) etc.). The
exact pattern was selected to keep the lengths of the connecting flexible tubes
(No. 23) as short as possible and is found by inspection, starting from the center
(location (25)).
4.2.3.4 Distributor performance optimization
In order to create uniform bubbles, a proper functioning of a distributor is very
important, such that the flow to a chamber is equally distributed to all its 98
outlets and each needle receives the same gas flow rate. Therefore, it is impor-
tant that the pressure drop characteristics (e.g. diameter, length) over each of
those outlets is similar. Small capillaries of 0.46 mm ×1/16”× 50 mm (Cooper
Needleworks Ltd) were inserted at the bottom in the polyurethane tubes (No.
24e in Fig. 4.6) and fixed with low viscosity Loctite superglue. These capil-
laries increase the pressure drop in order to allow lower flow rates without the
occurrence of weeping (or gas maldistribution [Nedeltchev et al. (2015)]) for the
following reasons:
1. to improve equal gas distribution across the 98 needles per chamber to ensure
that every needle receives the same flow rate and emits bubbles at a similar
rate and
2. to increase the pressure ratio PR, which is defined as a ratio of the surface
tension pressure to the pressure drop over the nozzle (see Eq. 2.20), to operate
under constant flow condition and therefore, reducing the weep point.
It was found that, in the absence of capillary inserts, the performance of the
distributor was poor due to the low pressure drop over the polyurethane tubes
(which were found to have an inaccurate inner diameter). The sparger was prone
to weeping and, when this has happened, the chamber pressure, even at high
gas flow rates, was insufficiently large to eject water from the blocked tubes.
Operation of the sparger was poor after such an event as the blocked tubes failed
to form bubbles and weeping (water leaking through the nozzles into the air
chambers) remained an issue.
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Figure 4.8: (a) Histogram of the needle diameter distribution obtained by random
numbers drawn from a normal distribution with a mean of 0.53 mm and a standard
deviation of 0.01 mm. (b) Right: Histogram of the individual needle flow rates
normalized by the mean needle flow rate as result of variation in the capillary
diameter as given by Eq. (4.4).
Therefore, the small capillaries were inserted with a pressure drop ≈ 10 times
larger than the pressure drop over the flexible tubes + needles (tolerance in tube
diameter is unknown). As the specified tolerances for the inner diameter and
length of the capillaries are 0.46±0.17 and 50±0.25 mm respectively, it is assumed
that the performance of the distributor is mostly determined by the variation of
the inner diameter of the capillary inserts.
A gas flow rate was fixed at Qn = 11.6 cm3/s and the pressure drop over the
capillaries was measured with an AIRPRO pressure gauge in the range of 0-100
mbar and an accuracy of 2.50 %. Most pressure drops were found in the range of
46-58 mbar, with an average of 53 mbar.
Assuming laminar flow in the capillary (Re ≈ 2150), the inner diameter of







with µa the air viscosity, Lc the length of the capillaries (no variation assumed)
and ∆Pi the pressure drop over the ith capillary (500 capillaries tested). It was
found that the average diameter of the capillaries is ≈ 0.53 ± 0.02 mm.
It is now assumed that the needle diameters are normally distributed with a
mean of 0.53 mm and a standard deviation of 0.01 mm (95% of needles is within
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± 0.02 mm from the mean). 500 random numbers are drawn from a normal
distribution with the specified mean and standard deviation and the histogram
of dc is given in Fig. 4.8a.
In order to optimize the gas distribution across the 98 outlets of an air cham-
ber, the capillaries were grouped according to their orifice constant (Qn/∆Pi), in
four categories, which are {56− 58}, {54− 56}, {52− 54}, and {46− 48} mbar/0.7
LPM for the four chambers (R1,R2,L1 and L2) respectively. These capillary
diameter distributions are also indicated in Fig. 4.8a.
Assuming uniform pressure in an air chamber as shown in Fig. 4.6 (but now
with 500 outlets), every outlet of the pressurized chamber experiences the same
pressure drop ∆Pc, which can be calculated using Poiseuille’s law (for laminar





where Qn,i is the gas flow rate through the ith capillary.
The average capillary flow rate Qn can be calculated using the total flow rate











Qn,i can then be calculated by elimination of ∆Pc, Eq. (4.2), and normalized









The distribution Q∗n,i, see Fig. 4.8b, shows that it is very important to have
the capillaries sorted by their orifice constant, see Fig. 4.8b, as a coefficient of
variation of ≈ 2% in the capillary diameters leads to a coefficient of variation of




4.3.1 Chamber pressure measurements
The characteristic curve for the pressure drop across the distributor as a function
of the chamber flow rate Qch is determined for different purposes:
1. To provide a reference for proper functioning of the manifold (all needles are
working),
2. To obtain the gas hold-up, and
3. To derive the individual chamber gas flow rate Qch,
which are discussed successively in this section.
4.3.1.1 To measure the distributor pressure drop
Fig. 4.8 shows that the flow rate per chamber outlet is very sensitive to the
diameter of the individual capillary tube. In order to minimize the variation of
Q∗i within each distributor (e.g. air chamber), the capillaries were grouped for
each air chamber based on their diameter (pressure drop) and, as a result, each
distributor has a slightly different pressure drop characteristic.
Fig. 4.9 plots the pressure drop across the distributor ∆Pd,ch as a function of
the gas flow rate through an air chamber Qch, while the needle outlets were at
atmospheric pressure (empty column). The distributor pressure drop (capillary
+ flexible tube + needle) for each chamber can be very well approximated by a
combination of a laminar ∼ Qch and turbulent ∼ Q2ch contribution to the pressure
drop:
∆Pd,ch = achQ2ch + bchQch + cch (4.5)
A second order polynomial, Eq. (4.5), was fitted for the chamber pressures for
chamber flow rates in the range of 0-75 L/min (capillary Re < 2000) for normal
operation (all pressurized chambers equally used) and cch was forced to 0. In case
one of the chambers is set to a reduced flow rate, the other chamber receives a
higher flow rate, possibly beyond 75 L/min, for which a polynomial is fitted with
cch ≠ 0.
The values of ach, bch and cch, given in Tab. 4.3, are obtained by minimization
of the square residuals and the coefficient of determination (R2) is 99.98% or
higher for all four chambers. Eqs. (4.5), for each chamber ch, also serve as a
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Table 4.3: Fitting coefficients in Eq. 4.5.
Chamber 10−3a 10−3b c







R1 13.2±0.4 -875±57 61.9±2.4
R2 12.4±0.3 -815±56 59.1±2.4
L1 11.6±0.3 -734±46 55.8±2.0
L2 9.70±0.24 -518±40 44.5±1.8
reference for proper functioning of the distributors, where deviant pressure drop
characteristics will be found when needles are blocked (in case of weeping).
4.3.1.2 To measure the overall gas hold-up
In order to measure the overall gas hold-up in the bubble column, it is postulated
that the gauge pressure in each air chamber Pch is the summation of the hydro-
static pressure PH , the Laplace pressure ∆PLP and the distributor pressure drop
∆Pd,ch. The needle outlet pressure Pno can then be described by:







PH = ρwg(H − db) × (1 − α) (4.8)
where σ is the surface tension of water/air, dn the nozzle diameter, db the bubble
diameter, g the gravitational constant, ρw the water density, H the height of the
free surface above the nozzle outlets and α the void fraction. Chamber pressures
Pch were recorded simultaneously with the bed height H as a function of the gas
flow rate setting and the void fraction αp can then be calculated according to:
































Figure 4.9: Measured distributor pressure drops as function of gas flow rate per
chamber for the four chambers. The variation between the four chambers is due to
the grouping of the capillaries by their orifice constant. Under normal operation
(equal gas supply to all chambers, X=50%), the flow rate per chamber Qch ranges
up to 75 L/min (vertical dashed line) at a maximum superficial gas velocity Usg =
0.0625 m/s.
Both H and ∆Pd (varying with gas flow rate) are required for Eq. (4.9). In
spite of the need of these two parameters, Eq. (4.9) is very useful to calculate
α when the bed expansion method cannot be used (for bubble columns with
co-flowing liquid), or when H0 could not be determined.
4.3.1.3 To measure the individual chamber flow rate
As only one mass flow controller is installed per sparger (containing a set of
two chambers), the individual chamber flow rate Qch can be calculated from the
sparger gas flow rate Qs (s = Left or Right) and the measured chamber pressures
Pch. Assuming equal Pno for all needle outlets, subtraction of ∆Pd,s1 and ∆Pd,s2,
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see Eqs. (4.5, 4.6), where s1 indicates the chambers R1, L1, and s2 indicates the
chambers R2, L2, yields after some algebra:
0 = AsQ2s1 +BsQs1 +Cs (4.10)
where:
As =as1 − as2 (4.11a)
Bs =bs1 + bs2 + 2as2Qs (4.11b)
Cs = − as2Q2s − bs2Qs + Ps2 − Ps1 + cs1 − cs2 (4.11c)
Eq. (4.10) can be solved for Qs1 where Qs (the sum of Qs1 and Qs2) is the
volumetric gas flow rate to each sparger (s=L or R, see Fig. 4.1).




= Qs −Qs2 (4.12)
in order to reduce the propagation of uncertainty due to the accuracy of As (As = 0
when distributor pressure drop characteristics are perfectly equal).




= 1 − Qs2
Qs
(4.13)
As the volumetric flow rate depends on Pno, Qs has to be corrected for the
change in ρg (e.g. due to hydrostatic pressure) and iteration is required to find
Pno and new values for Qs,Bs, and Cs.
The black markers in Fig. 4.10 show chamber pressure readings (a) and
calculated split ratios (b) for equal gas distribution to all chambers for sparger
flow rates up to 70 L/min (unaerated liquid height H0 ≈ 1.46 m). The measured
split factors are very close to 50% and all chamber flow rates are (almost) equal.
For the formation of a bi-disperse bubble size mixture, the distribution of
gas flow between a set of chambers (R1/R2 and L1/L2) was altered by partially
closing the gate valves for the air supply lines to chamber R1 and L1, resulting
in less flow to chamber R1 and L1 and more flow to chambers R2 and L2. As
a result, lower chamber pressures are measured for chamber R1, L1 and higher
chamber pressures for chamber R2,L2 (see the grey markers in Fig. 4.10a). The
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Figure 4.10: (a) Chamber pressures and (b) split factor as a function of sparger
flow rate (corrected for density at gas sparger level) and superficial gas velocity.
measured split factors, see Fig. 4.10b, are in the range 36-43% for both spargers.
The values of Xs are limited by the lowest possible flow rate of ≈ 5 L/min
per chamber (Qn ≈ 0.75 cm3/s) to prevent weeping and water entering the air
chambers.
The inaccuracy of the pressure sensors to measure small pressure changes may
be insufficiently accurate to resolve the split factor at low gas flow rates, which
explains the wide confidence interval at low gas flow rates. A more accurate
(differential) pressure sensor is required to measure Ps2 − Ps2, see Eq. (4.11c).
The slightly different pressure characteristics per chamber (distributor and air
chamber supply line) may lead to an actual difference in flow rate between the
chambers, but this deviation in flow rates was not noticeable from the reading
of the rotameters or evident from the split ratios shown in Fig. 4.10b (black
markers).
4.3.2 Measurements of bubble formation rates and diam-
eters
In order to assess the performance of the sparger and to obtain the bubble size
distribution, bubble formation rates of the (multi-needle) gas sparger are mea-
sured as function of superficial gas velocity Usg, and liquid co-flow velocity Usl by
high-speed imaging analysis and acoustic measurements.
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(a) Usg = 0.38 cm/s,
Qn = 0.77 cm
3/s,
Usl = 0 m/s
(b) Usg = 2.5 cm/s,
Qn = 5.1 cm
3/s,
Usl = 0 m/s.
(c) Usg = 2.5 cm/s,
Qn = 5.1 cm
3/s,
Usl = 0.3 m/s.
Figure 4.11: Photographs of the sparger taken with a high-speed camera. Illu-
mination is from the left.
The average bubble equivalent diameter can be derived from the needle gas







4.3.2.1 By high-speed imaging
Typical photographs of the bubble formation on the sparger are given in Fig. 4.11
for three different air and water flow rates. Images of the bubble formation were
recorded with a IDT X-Stream XS-4 camera (using a 0.75-5× microscopic video
zoom lens assembly) at a resolution of 512 × 512 pix and at a rate of 200-400 Hz
for 10 seconds, while the column was illuminated with a continuous LED light
from the left. Bubble formation rates are obtained by monitoring pixel intensities
in the vicinity of orifice outlets (≈ 5 pix left and ≈ 10 pix above nozzle outlets),
where cyclic patterns of highly reflective bubble interfaces passing through the
monitored pixels were observed. In each set of images, up to 30 needle outlets
could be monitored simultaneously.
Fig. 4.12 shows this procedure for four different experiments as an exam-
ple. The left column shows ten monitored pixel intensities (signals) for each
experiment as a function of time. The second column shows the Fast Fourier
transformations of the signals. The third column shows histograms of the bub-
ble formation rates, whereas the last column shows histograms of the resulting












































































































































































































































































Figure 4.12: Left to right: pixel intensity as a function of time; fast Fourier
transform; bubble formation rate histograms; and bubble diameter histograms.
From top to bottom: Usg =0.5 cm/s, X = 50% (a)-(d); X ≈ 38% (e)-(h); Usg =2.2
cm/s, X = 50% (i)-(l); X ≈ 38% (m)-(p).
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The first row (a-d), shows uniform bubble formation at a superficial gas ve-
locity of Usg =0.5 cm/s, whereas the third row shows uniform bubble formation at
Usg =2.2 cm/s (equal Qch for all four chambers, X = 50%). For both cases, bubble
formation events were properly detected and the histograms show the variation
spreading in the bubble formation rates.
Bi-modal bubble formation rates were measured corresponding to bubbles
formed from chambers R2, L2 (higher chamber flow rate) and chamber R1,L1
(lower chamber flow rate), while operating at a split ratio of X ≈ 38 % (see Fig.
4.10b).
At low gas flow rates (second row), a clear bi-modality was observed in the
bubble formation rates with a slight bi-modality in db as a result. At high gas
flow rates (bottom row) bubbles from both chambers (R1, R2) were formed at
an almost similar formation rate, while a clear bimodal bubble size distribution
was obtained due to the differences in Qn for chamber R1 and R2.
4.3.2.2 By acoustic measurements
For the acoustic measurements, one of the pressure sensors (connected to chamber
L1) was removed and a waterproof microphone (Micronic, Primo EM121, ∅ 8 mm
with 2-stage pre-amplifier) was connected to the probe tube (No. 24d in Fig. 4.6).
The microphone response signal (in Volts) was recorded for 30 s at a rate of 20
kHz. The signal was divided in eleven blocks of 5 s, with an overlap of 50 %,
and multiplied with the Hanning function. The Fast Fourier Transforms were
computed for these blocks and averaged in the frequency domain to obtain the
bubble formation rate. This procedure was repeated for several gas flow rates as
shown in Fig. 4.13.
4.3.3 Bed expansion measurements
For the bed expansion experiments, the column was filled with a fixed amount
of water while the superficial gas velocity was kept at a value >0.01 m/s. The
superficial gas velocity was varied in the range 0.004-0.0625 m/s and the water
level height H (above the needle outlets) was measured as a function of the
superficial gas velocity Usg by means of a measuring tape with an accuracy of ± 2
mm at low superficial gas velocities and ± 2 cm at high superficial gas velocities.
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Figure 4.13: Fast Fourier transforms of the microphone response signal for various
Qn. The signals are acquired from air chamber L1. Qn in cm
3/s.






where H0 is the liquid height at zero aeration. This procedure was repeated for
various liquid loadings (H0).
4.4 Sparger performance
Bubble formation rates for the multi-needle sparger were measured with and
without liquid co-flow and compared to bubble formation rates from a single
submerged needle. The correlation for the bubble diameter proposed in Chapter
2 is adopted and fitted to the data reported in this Chapter for bubble forma-
tion rates/diameters for the multi-needle sparger. The experimental settings are
summarized in Tab. 4.4.
4.4.1 Bubble formation from a single submerged needle
Due to the use of small capillaries inserted in the air supply tubes, a constant gas
flow rate condition is imposed. A new series of experiments was carried out in the
single needle test setup as described in Chapter 2 (where bubbles were formed
under a constant pressure condition) but now with a similar capillary restriction
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inserted (as in Chapter 3, Sec. 3.2). Bubble formation rates, without liquid co-
flow, were measured using a microphone connected to the pressurized chamber
and the gas flow rate Qn (corrected for the density change due to hydrostatic
pressure, H = 400 mm) was varied in the range 0.01-4.0 cm3/s.
Fig. 4.14a shows the measured bubble formation rates and Fig. 4.14b shows
the resulting bubble diameter as a function of the needle gas flow rate. The
imposed constant flow condition results in higher formation rates and smaller
bubbles at low/intermediate flow rates as compared to the prediction of Eq.
(2.32) for bubble formation under constant pressure conditions (dotted line). The
the spreading of the formation rates, and resulting bubble diameters, is very
small, indicating very stable, steady bubble formation. The weep point drastically
reduced, as compared to the results shown in Chapter 2, Fig. 2.13, to a flow
rate well below a critical flow rate Qcr, see Eq. (2.4), where bubbles detach
with a constant volume [Oguz and Prosperetti (1993)]. In this quasi-static flow
regime, when buoyancy (π6ρggd
3
b) and surface tension (σdn) are in equilibrium,
the theoretical bubble size of bubbles formed on a 1.55 mm inner diameter needle
is 4.1 mm, which agrees very well with the present findings. The present data is
compared to the correlation proposed by Gaddis and Vogelpohl (1986), see Eq.
(2.8). Good agreement was observed at low/high flow rates, although their model
slightly underestimates the bubble size at intermediate flow rates.
Table 4.4: Overview of the experimental settings for measuring bubble formation
rates. Qn: Needle gas flow rate corrected for density at gas sparger level; Usg:
Superficial gas velocity (standard pressure); Usl: Superficial liquid velocity; X:
Split factor, see Figs. 4.1 and 4.10; Method: microphone and/or camera. The
gray entry refers to control experiments in a small scale setup comprising a single
needle; n.a.: not applicable.
Qn Usg Usl X Figures Method
cm3/s m/s m/s %
0.01-4.0 n.a. n.a. n.a. 4.14 Mic
0.7-5.7 0.005-0.032 0 50 4.12a-d,i-l, 4.13, 4.15 Cam + Mic
0.75-2.9 (R1, L1);
1.1-5.1 (R2, L2)
0.005-0.022 0 ≈38 4.12e-h,m-p, 4.16 Cam
4.1 0.025 0-0.4 50 4.17 Cam
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Figure 4.14: Bubble formation rates (a) and diameters (b) as a function of the
needle gas flow rate for bubbles formed under constant flow conditions from a single
submerged 1.55 mm i.d. needle. Results compared with the correlation found in
Chapter 2 (Eq. (2.32), dotted line) for bubble formation under constant supply
pressure, see Eq. (2.32). The present model equation, Eq. (4.16), is given by the
dashed lines.
4.4.2 Bubble formation without liquid co-flow using the
multi-needle gas sparger
Fig. 4.15 shows (a) bubble formation rates and (b) bubble diameters formed by
the multi-needle sparger (black markers) as a function of Qn (bottom axis) and
Usg (top axis). Qn was varied in the range 0.7 - 5.7 cm3/s (at gas sparger level
pressure). The bubble formation rate is in the range 15-40 bubbles per second
and the resulting bubble diameter is in the range 4.5-7 mm.
The left sparger (filled markers) and right sparger (open symbols) show almost
identical behavior indicating a good similarity between the spargers of the left
and right compartment, however, a small discrepancy can be observed at lower
flow rates. Fig. 4.15b shows that slightly larger bubbles are formed from the
right (R) sparger while formed at slightly lower formation rates. This indicates
an actual difference in flow rates between the two spargers at equal set points
and re-calibration of the Mass Flow Controllers may be required.
For low gas flow rates, the diameter of bubbles formed from the multi-needle
sparger (black markers) agree very well with those formed from a single submerged
needle (grey squares). Some needles stopped forming bubbles at Qn ≈ 0.75 cm3/s
and lower gas flow rates could not be measured without the occurrence of weeping
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Figure 4.15: Bubble formation rates (a) and diameters (b) as a function of the gas
flow rate per needle (bottom axis) and superficial gas velocity (top axis). A com-
parison between the multi-needle sparger (●, ○,▲) and a single needle submerged
needle ∎. Filled markers (black) denote measurements taken on the left sparger
(L); open markers denote measurements taken on the right sparger (R). Triangles
show the measurements taken (on air chamber L1) with the microphone. The
present model equation, Eq. (4.16), is given by the dashed lines.
in probably the most narrow capillaries (see Sec. 4.2.3.4) which receive the lowest
flow rates.
For intermediate gas flow rates, slightly larger bubbles were formed from the
single submerged needle. Bubble-bubble interactions between the growing and
departing bubble (Period-2 bubbling [Buwa et al. (2007)], see also Sec. 2.4.1) may
be different for bubble formation at a single submerged needle, whereas bubble-
bubble interactions in the multi-needle sparger are governed by more complex
mechanisms due to bubbles formed at neighboring needles.
The spreading in bubble formation rates and diameters formed from the multi-
needle sparger (with a common manifold for each group of 98 needles) is slightly
higher compared to a single submerged needle connected to a pressure chamber.
Small variations in the capillary diameters lead to variations in the individual
nozzle flow rate with a variation in fb and db as a result. The possible variation
in Q∗i (see Fig. 4.8b) covers the range of standard deviations in fb. The effect of
the variation in Q∗i on the resulting bubble diameter depends on the flow regime,
as the size of bubbles formed at low gas flow rates is almost independent of the
106
4.4 Sparger performance









































Figure 4.16: Bubble formation rates (a) and diameters (b) for bubbles formed at
unequal gas distribution between a pair of chambers as function of the superficial
gas velocity Usg. QL1/QL2 ≈ QR1/QR2 ≈ 0.6, hence, X ≈ 38% (see Fig. 4.10). A
bimodal bubble formation rate/bubble size distribution was found and the mean
(symbol) and standard deviation (error bars) are shown for both modes. The flow
rates per needle are calculated using the individual chamber flow rates divided by
98 needles.
flow rate (constant diameter detachment).
At gas flow rates above 6.5 cm3/s (Usg >0.03 m/s), the bubble formation rate
could not be obtained as: (1) coalescence occurred at the nozzle and no single
(separate) bubbles were formed and (2) large turbulent eddies in the liquid flow
of the bubble column disturbed the bubble formation process and the uniform
bubble size distribution is compromised.
The bubble diameters measured using a microphone connected to a pressur-
ized chamber feeding multiple (98) needles (L1, black triangles) agree very well
with the bubble diameters obtained from the high-speed camera (circles). The
broadness of the peak in the spectrum of the microphone response signal (Fig.
4.13) may indicate the spreading in bubble formation rates (and bubble size distri-
bution), but more experiments are required to quantify this effect. At higher flow
rates Qn, the peak (Fig. 4.13) becomes less distinct and eventually disappears
as a result of the transition from the formation of single bubbles to coalescence
occurring at the needle outlet.
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4.4.3 Formation of a bi-modal size distribution
Fig. 4.16 shows (a) bubble formation rates and (b) bubble diameters as function
of superficial gas velocity at non-equal chamber flow rates in order to create a
mixture of bubbles with a (sharp) bimodal size distribution. The larger bubbles
are formed from chambers L2, R2 (receiving more gas flow rate) and the smaller
bubbles are formed from chamber L1, L2 (receiving less gas flow rate). Bubbles
formed from air chamber R2 and L2 are in the range 4.5-6.5 mm, whereas bubbles
formed from chamber R1 and L1 are in the range 4.4-5.6 mm. The somewhat
larger spreading in the calculated bubble diameter at low flow rates is due to the
propagation of inaccuracy in the chamber flow rate readings readings (to calculate
X and Qn, see Sec. 4.3.1.3) as the bubble formation rate distributions were found
to be very narrow.
At high needle gas flow rates, the bubble diameter is a function of gas flow
rate, whereas at low gas flow rates, (in the quasi-static flow regime) bubbles
detach with a critical constant diameter (see also Fig. 4.14). Therefore, bubble
diameters from R1 vs. R2 and from L1 vs. L2 hardly differ at low flow rates.
Thus, applying a split ratio in the surface tension controlled regime will only alter
the bubble formation rate and not the resulting bubble diameter.
The ratio of the bubble size from R2/L2 to the bubble size from R1/L1 is 1.15
maximum. Note that in the pertinent bubble size range all bubbles move more or
less with the same velocity, i.e. bubble speed is irrespective of bubble size [Clift
et al. (1978)]. This may explain why in Fig. 4.18 the aerated liquid heights for
Series A2 and A3 are almost identical and the volume fractions for these Series
in Fig. 4.20 also coincide.
Eq. (4.16) can be used to predict bi-modalities for other operating conditions
(X,Usg,s, Usl,s). While the bi-modality is subtle (no difference in bed expansion
characteristics was found for the case of a bi-modal size distribution, see series
A2, A3 in Fig. 4.18) in the absence of co-flowing liquid, a different sparger design
(different nozzle diameter for each chamber) would be needed to obtain bubbles
with a larger difference in bubble size.
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Figure 4.17: Bubble diameter as function of the liquid co-flow velocity (Usl) for
a needle gas flow rate of 4.1 cm3/s and Usg = 0.025 m/s. Filled markers denote
measurements taken on the left sparger (L); open markers denote measurements
taken on the right sparger (R). The present model equation, Eq. (4.16), is given
by the dashed lines. Results compared with the correlation developed in Chapter
2, see Eq. (2.32).
4.4.4 Bubble formation with liquid co-flow using the multi-
needle gas sparger
Fig. 4.17 shows (a) bubble formation rates and (b) bubble diameters as a function
of liquid co-flow velocity Usl. The gas flow per needle (corrected for the change in
density) is fixed at a value of 4.1 cm3/s (Usg =0.025 m/s) and the liquid velocity
is increased in steps of ≈ 0.05 m/s. Error bars are shown at ± one standard
deviation from the mean value.
The bubble formation rate increases almost linearly with increasing liquid co-
flow velocity as a result of increasing drag force and bubble entrainment. Bubble
formation rates up to 70±3 s−1 are observed at a liquid co-flow velocity of 0.4
m/s.
The bubble diameter decreases from 6 mm (no co-flow) to 4.8 mm with increas-
ing liquid co-flow velocity up to 0.4 m/s and sub-critical diameter detachment
may occur at lower gas flow rates.
Coalescence was not observed as the gas flow rate per nozzle is still within the
regime for single bubble formation in the absence of co-flow. An increase of the
liquid co-flow reduces interaction between the growing and departing bubble and
transition to coalescence is delayed to higher gas flow rates. More experiments
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are required in order to find the transition to bubble formation with coalescence
in the presence of liquid co-flow.
4.4.5 Discussion of a model equation for the bubble di-
ameter
The model equation proposed in Chapter 2, Eq. (2.32), was adjusted for bubble
formation under constant flow condition and fitted to the data shown in Figs.
























Ug,n is the linear needle gas velocity, 4Qn/(πd2n), and Ul the liquid co-flow velocity
and Bo = 0.32.
Eq. (4.16) is fitted for nozzle gas flow rates Qn in the range 0.75-5.7 cm3/s
and liquid co-flow velocities up to 0.4 m/s and plotted along with the data shown
in Figs. 4.14,4.15,4.17 - (dashed lines).
Due to the inserted capillaries imposing a constant flow condition in the
present study, the above correlation differs from the correlation found in Chapter
2, when bubbles were formed under constant pressure conditions with weeping
emerging at lower flow rates.
In case of no co-flow, coalescence starts occurring at a nozzle gas flow rate of
≈ 5.7 cm3/s (Usg ≈ 0.03 m/s), while the occurrence of coalescence is significantly
delayed in the presence of co-flowing liquid due to the entrainment of preceding
bubbles. Therefore, Eq. (4.16) is expected to work sufficiently well for higher gas
flow rates with liquid co-flow.
More experiments may be required to test the validity of the model beyond the
calibrated range and for different liquid properties (surfactants, water salinity).
It should be noted that, due to limited optical access to the needles in the
center of the column, the nozzles at the outskirts of the grid were more accessible
110
4.5 Void fraction at uniform aeration
for visual inspection and results of the high-speed imaging may be biased towards
the bubble formation rates at the column walls.
The position in the distributor/sparger (see Fig. 4.7) may influence the bub-
ble formation rate due to a non-homogeneous pressure in the air chamber. In
addition, as the Laplace pressure 4σ/dn (≈ 1.8 mbar) is not negligible compared
to the distributor pressure drop ∆Pd (≈ 2-50 mbar), the pressure in the air cham-
ber may start to resonate with the bubble formation rate from the multi-needle
sparger. At low flow rates, this may lead to slightly larger bubbles as compared
to bubbles formed at strictly constant flow rate conditions.
It may be concluded that, considering the error sources described above, the
gas spargers work very well and the design of the distributor caps is appropriate
to accomplish almost equal flow rate through all needles, hence, to arrive at a
uniform bubble size. The terminal bubble rise velocity for individual bubbles in
the size range 4-7 mm is in the range 0.235-0.245 m/s, for both clean and contam-
inated water [Clift et al. (1978)], as also given by the parametrized equation given
by Park et al. (2017). Even when (for higher air flow rates) the actual bubble
diameters deviate from the valued predicted by Eq. (4.16), their rise velocities
may still be very similar.
4.5 Void fraction at uniform aeration
The overall gas fraction as a function of the superficial gas velocity (gas hold-up
curve) is an important characteristic of a bubble column as the gas hold-up curve
summarizes the complexity of the bubble column fluid dynamics [Besagni et al.
(2018)]. The void fraction can be estimated by using the drift-flux model, where







1 − α (4.19b)
Us =Ug −Ul (4.19c)
where Ug is the gas velocity and Ul the liquid velocity. The slip velocity Us is a
function of the terminal rise velocity of an isolated bubble Ut and a function of
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Table 4.5: Overview of bed expansion experiments. BSD: bubble size distribution:
(U)niform or (B)imodal. Measured chamber pressure Pch: yes/no. The identifier
in the most left column (series A-D) reflects which series were carried out with the
same batch of water.
Series H0 β H0/β BSD Pch
[10−3 m] [m/(m/s)] [10−2m/s] [U/B] y/n
A1 808±1 4.42±0.04 18.3±0.2 U y
A2 1277±1 6.57±0.05 19.4±0.1 U y
A3 1274±1 6.62±0.04 19.2±0.1 B y
B1 1605±1 8.47±0.06 19.0±0.1 U y
C1 958±1 4.88±0.05 19.6±0.2 U n
C2 1751±1 8.61±0.07 20.3±0.2 U n
D 1427±1 7.00±0.04 20.4±0.1 U n
α to account for the presence of other bubbles:
Us = Utf(α) (4.20)
The overall gas fraction was obtained by two different methods, viz. bed
expansion measurements and chamber pressure measurements (both discussed in
Sec. 4.3), and the results are compared and discussed in this section.
4.5.1 By bed expansion measurements
Fig. 4.18a shows bed height as function of superficial gas velocity for various
values of H0. A linear increase in bed height was observed for low gas velocities
up to a critical gas velocity, after which a change in the slope of H occurs which
corresponds to the transition of homogeneous to heterogeneous bubbly flow. The
value of H0, the liquid height at zero aeration, could not be measured directly
as a superficial gas velocity of at least 0.004 m/s must be maintained to prevent
weeping. An equation in the form of:
H =H0 + βUsg (4.21)
was fitted to the homogeneous regime with a uniform bubble size distribution
(Usg < 0.03 m/s, see Sec. 4.4) to obtain H0 (crossing of the dashed line and the
y−axis) and the bed expansion coefficient β in m/(m/s) for each set of exper-
iments. The coefficients of determination R2 are >99.94 % for all series. The
results are summarized in Tab. 4.5.
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Figure 4.18: (a) Bed height, for various values of H0, and (b) void fraction as
function of superficial gas velocity. (c) Bubble swarm velocity divided by the bubble
terminal rise velocity, see Eq. (4.20), as function of void fraction αb.
The overall gas hold up is then calculated using Eq. (4.15). Fig. 4.18b shows
that the bed height curves collapse to a fairly similar curve when the void fraction
Eq. (4.22) is plotted against the superficial gas velocity. The present results show
that the present bed expansion experiments are very repeatable and similar gas
holdup curves were found for different values of H0, performed with different
batches of tap water. No significant influence was found of the aspect ratio, e.g.
H0, on the gas holdup curves.
A model equation for the void fraction follows from the observation of linear





and H0/β = 0.195 ± 0.007 m/s was found for the series shown in Tab. 4.5. It can
be seen that Eq. (4.22), dotted line, shows very good agreement with the present
data up to Usg = 0.03 m/s and works reasonably well up to Usg =0.05 m/s.
The slip velocity Us is then calculated according to Us = Usg/αb, where αb
is the experimental data given in Fig. 4.18b. Fig. 4.18c shows Us normalized
by the (almost constant) terminal rise velocity Ut (=0.24 m/s) as a function of
the void fraction αb - see Eq. (4.20). The non-dimensional slip velocity f(α)
starts at a value in the range 0.78-0.9 and then increases to level off for void
fractions in the range 10-15 %. Beyond αb= 20%, an increase in swarm velocities
is observed, which indicates the transition to a more heterogeneous regime for
which Eq. (4.21) does not hold any longer. Large gradients in the bubble velocity
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were observed (fast rising in the centre, downward at the sides) and the drift-flux
model is not valid in this regime.






1 − α (4.23)
where H0/β ≈ 0.82Ut, which is given by the dotted line in Fig. 4.18c.
As many authors report a decreasing slip velocity with increasing α due to
hindrance effects, f(α) < 1 in Eq. (4.20), McClure, Kavanagh, Fletcher and
Barton (2017); Simonnet et al. (2007) report that there is still no agreement on
how to account for the drag force experienced by bubbles in a swarm. More
experiments concerning local gas fractions, bubble velocities and liquid velocities
are required to validate/develop a model for the drag correction factor for a bubble
in a swarm as was attempted by McClure, Kavanagh, Fletcher and Barton (2017).
It should be noted that the present bubbles, in the range 4-7 mm, are very
uniform in size, particularly for lower void fractions, very uniformly distributed
and with an almost constant terminal velocity. This may result in a very calm and
organized flow with virtually no bubbles pushing aside and passing each other.
The reduction in mutual hindrance when increasing void fractions might be the
result of an internal reshuffling of the bubble swarm structure.
4.5.2 By chamber pressure measurements using Eq. (4.9)
4.5.2.1 Without liquid co-flow
Fig. 4.19 shows recorded chamber pressures, for the four chambers (L1,L2,R1,R2),
as function of the gas flow rate (bottom axis) and superficial gas velocity (top
axis) without liquid co-flow (series A1-A3, B1-B2).
For the series A1, A2, B1, the chamber pressures increase quadratically with
increasing gas flow rates due to the pressure drops over the distributors and for
these series, PR1 > PR2 > PL1 > PL2 which is in accordance with the distributor
pressure drop curves shown in Fig. 4.9.
For series A3, a split ratio X of ≈ 38 % was applied and the air chambers L2,
R2 show a higher pressure than L1, R1, which indicate higher flow rates to L2,
R2, than to chamber L1, R1 (to create a bi-disperse bubble size distribution).
The needle outlet pressure, Eq. (4.6), see dashed lines Fig. 4.19, is constant
for each of the series A1-A3 and B1, which confirms that H0 is independent of
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Figure 4.19: Chamber pressures as function of the gas flow rate per compartment
(Qs = QL = QR) in the absence of liquid co-flow. The dashed lines show the needle
outlet pressure Pno as given by Eq. (4.6). The colors refer to the series A1-A3,B1-3
as in Fig. 4.18 and/or Fig. 4.20,b.
Usg. The difference in Pno between series A1, A2, and B1 is due to the difference
in unaerated liquid level height H0.
Chamber pressures obtained with a fully loaded column (H equals column
height) are given by series B2 in Fig. 4.19. At low gas flow rates, chamber
pressures decrease with increasing gas flow rate due to the increasing void fraction
(and decreasing H(1−α)), while at higher flow rates, chamber pressures increase
again as distributor pressure drops ∆Pd,ch increase quadratically with the gas flow
rate. The needle outlet pressure Pno decreases monotonically with increasing gas
flow rate, indicating a monotonic increase of the void fraction (decrease of liquid
head due to the overflowing liquid).
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Figure 4.20: Parity plot of the void fraction obtained by bed expansion measure-
ments (Eq. (4.22), horizontal axis) and pressure measurements (Eq. (4.9), vertical
axis) for a partially loaded column (H smaller than column height). See the legend
in Fig. 4.18 for clarification of the symbols. Data only available when Pch and H
measured simultaneously (see Tab. 4.5).
Void fractions can be found by using Eq. (4.9) for which air chamber pressure
measurements and measured liquid level heights H (as shown in Fig. 4.18a) are
required. These void fractions are denoted by αp.
Fig. 4.20 shows a parity plot, where the void fraction αp is compared with
the void fraction obtained by bed expansion measurements αb. Both methods
agree very well for a large range of void fractions and both may deviate from
the actual void fraction. First, the bed expansion height can not be obtained
with an accuracy of less than ± 2 mm (for low flow rates) and H0 could not
be determined without the approximation of linear bed expansion Eq. (4.21).
Second, the plausibility of Eq. (4.9) is sensitive to the accuracy of the pressure
sensors, the validity of ignoring the fluctuating Laplace pressure (due to growing
and detaching bubbles), wall friction forces and the validity of Eq. (4.5) as gas
compressibility may become important for higher values of H0.
The bed expansion cannot be measured when the liquid surface rises as high
as the column height, as the liquid loading H0 will change due to the overflowing
liquid. Fig. 4.21 shows the void fraction αp as a function of superficial gas
velocity as found from only chamber pressure measurements in series B2 (see
Fig. 4.19) when water height equals column height and bed expansion could not
be measured. The void fraction as a function of Usg for a fully loaded column
(fixed H, free overflow at the top of the column) is very well described by Eq.
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Figure 4.21: Void fraction αp, Eq. (4.9), as function of superficial gas velocity.
Bed height is fixed as the column is filled up to the free surface. Eq. (4.22) is given
by the dashed line, using H0/β of series B1 (see Tab. 4.5).
(4.22) up to Usg=0.0625 m/s.
4.5.2.2 With liquid co-flow
Fig. 4.22 shows recorded chamber pressures as a function of the superficial liquid
velocity Usl. Qs was set at 60 L/min (Usg = 0.025 m/s) and Usl was in the
range 0-0.4 m/s. As the gas flow rate was kept constant, the distributor pressure
drop ∆Pd was constant. Both the chamber pressures (symbols) and the needle
outlet pressure (Eq. (4.6, dashed line) increases with increasing co-flow velocity,
resulting in a higher hydrostatic pressure and a lower void fraction for increasing
Usl.
Fig. 4.23 shows the measured void fraction, again from chamber pressure
measurements only (series B3, see Fig. 4.22), as a function of superficial liquid
velocity while the superficial gas velocity was kept constant at a value of 0.025
m/s. The discharge height (the excess height above the column height due to the
overflowing liquid), was assumed to increase linearly up to 4 cm at a superficial
liquid velocity of 0.4 m/s. The void fractions αp (black bullets) are calculated
using this discharge height correction for H.




The model prediction for the void fraction in the presence of liquid co-flow is
shown as a dashed line in Fig. 4.23 and agrees very well with the measured void
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Figure 4.22: Chamber pressures as function of the superficial liquid velocity Usl
for Qs = 60 L/min (Usg = 0.025 m/s). The dashed lines show the needle outlet
pressure Pno as given by Eq. (4.6).

















Figure 4.23: Void fraction αp, as function of superficial liquid velocity. The
dashed line shows the calculated void fraction by the drift-flux model, see Eq.
(4.24). Usg =0.025 cm/s.
fraction. However, more experiments with different methods (e.g. optical bubble
probes) are required to validate the model as the chamber pressure sensors may
not be sufficiently sensitive and accurate to measure small pressure differences to
resolve low void fractions. Also, the crude approximation made for the discharge
height to correct H has a significant effect on the void fraction derived using Eq.
(4.9), as a change of 4 cm water in hydrostatic pressure results in a difference of
≈ 1% in the calculated void fraction.
4.5.3 Literature comparison
An extensive overview of gas hold-up measurements is given by Gandhi and Joshi
(2010). A very large spread in the measured void fractions as function of Usg was
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Mudde (2009) - N (0.8 mm) - 3w
Mudde (2009) - N (0.8 mm) - 3h
Drahos (1992) - PP (0.5 mm)
Drahos (1992) - PP (1.6 mm)
Groen (1996) - PP (40 ) -  15 cm
Groen (1996) - PP (40 )-  23 cm
Besagni (2019) - PP (1.0 mm)
Besagni (2019) - SS
Sharaf (2016) - PP (0.5 mm) - tap
Sharaf (2016) - PP (0.5 mm) - demi
Sharaf (2016) - SS - tap
Sharaf (2016) - SS - dist
Lau (2013) - N (1.0 mm)
Almeras (2018) - N (0.2 mm)
Simmonet (2007) - N (0.44 mm)
Pjontek (2014) - PT (10 )






Figure 4.24: Comparison of gas holdup curves with previously reported data.
PP: Porous plate; PT: Porous tube; SS: Spider sparger; N: Needle sparger.
found by different researchers, resulting in many different empirical correlations
to describe the void fraction as function of superficial gas and liquid velocities,
column geometries, gas sparger types and fluid properties.
Fig. 4.24 shows a comparison of the proposed correlation for the overall gas
holdup (Eq. (4.22), dashed line) with a selection of some relevant reported gas
holdup curves. The inserted figure shows a close up for Usg up to 0.025 m/s.
The influence of the sparger type on the gas hold-up is clearly illustrated by
the studies of Besagni et al. (2019); Drahoš et al. (1992); Groen et al. (1996);
Mudde et al. (2009); Pjontek et al. (2014); Sharaf et al. (2016). Fine spargers
(needle spargers, perforated plate with small hole diameters), producing small and
uniform bubbles, stabilize the homogeneous bubbly flow regime with a high gas
hold-up as a result. Coarse spargers (spider spargers, perforated plate with large
hole diameters) produce a much lower gas hold-up due to (1) the initially poor
homogeneous distribution of bubbles and/or (2) the formation of a non-uniform
primary distribution of bubble sizes, leading to rapid breakup and coalescence
of bubbles and an advanced transition to turbulent bubbly flow (with coherent
vortical structures in the liquid phase).
The column diameter (see Groen et al. (1996), porous plate sparger) is found
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to have a negligible effect on the gas hold-up.
Mudde et al. (2009); Sharaf et al. (2016) also report on the water type used.
Mudde et al. (2009) showed that a transition to turbulent bubbly flow was ob-
served at a gas hold-up of 35% when fresh tap water (3 hours old) was used,
whereas a gas hold-up of 55 % could be obtained in the homogeneous regime
when aged tap water (3 weeks old) was used. For both cases, the increased gas
hold-up is due to lower bubble rise velocities in contaminated water, although,
this effect is minimal when a coarse sparger is used (see data of Sharaf et al.
(2016)).
In the study of Lau et al. (2013), no significant difference was found for differ-
ent values for the unaerated liquid height. The lower gas hold-up values may be
a result of the confined bubble column dimensions leading to faster bubble rise
velocities and a lower gas hold-up.
Very good agreement was found between the present results (dashed line) and
the studies of Alméras et al. (2018); Van Gils (2016) (needle spargers, db = 3 mm)
and Besagni et al. (2019) (perforated plate sparger). For higher Usg, lower gas
hold-ups than Mudde et al. (2009) (3.5< db <5.0 mm) were found, which may be
due to the larger, faster rising bubbles in the present study (4.5< db <7 mm).
It should be noted that void fractions measured using an optical probe may
underestimate the gas fraction [Alméras et al. (2018); Groen et al. (1996); Mudde
et al. (2009); Pjontek et al. (2014); Simonnet et al. (2007)], especially for small
bubbles at low Usg. This may explain some irregularities in the reported gas
hold-up curves.
While overall the present void fraction data fall amidst all data reported
by many authors, an attractive feature of the present data is that they have
been obtained with bubbles in the range 4-7 mm which are very uniform in
size, particularly for lower void fractions, very uniformly distributed and with an
almost constant terminal velocity. This turns this data very suitable for validating
Euler-Euler simulations performed for a single bubble size as input parameter.
4.6 Mixing pattern
The column was filled with an amount of water such that H0 = 113 cm. Images of
the flow channel were captured on a Sony IMX258 (3.59 mm lens) at a resolution











Figure 4.25: Bubble streaks for four different gas flow rate settings. The numbers
are the superficial gas velocity for the left and right side of the column respectively.
Bubble streaks are obtained by averaging a series of 24 images (0.2 s @ 120 Hz).
Illumination is from the right, giving some shadow in the lower left part.
on the left and right side of the column, while the column was illuminated by a
20W continuous LED light. Images, slightly contrast enhanced and sharpened,
are averaged over a period of 0.2 s (24 images) to obtain bubble streaks.
Fig. 4.25 shows the obtained bubble streaks for four different settings of the
gas flow rates. The difference in superficial gas fraction is increasing from the left
to the right.
Fig. 4.25a appears to be symmetric, while there is a slight different in the
flow rate setting. Equal gas flow rates were supplied to both inlet compartments
in Fig. 4.25b, where it was found that the bubbles on the left side of the column
seem to move slightly faster (and this effect was reversed when the Mass Flow
Controllers were interchanged). Consultation of the calibration certificates of
the mass flow controllers show a deviation of +0.16% at a flow rate of 50% of
the full scale for the left mass flow controller, while a deviation of +0.04% was
measured for the right mass flow controller and re-calibration is recommended.
Further, upon inspection of the position of the splitter plate, it was found that the
splitter plate is slightly off-centered with a deviation of 3 mm to the left side of
the column, Therefore, the cross-sectional area of the left side inlet compartment
is slightly smaller than the right side, leading to a slight increase in superficial
gas velocity and local gas fraction. Given both effects, a correction of ± 1.5% of
the set-point for both mass flow controllers seems to be sufficient to balance the
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superficial gas velocities between left and right and the velocity profile in Fig.
4.25b appears to be symmetric.
Applying a factor 1.5 and 2.5 difference in the superficial gas velocities left
and right (left higher) results in a very different flow behavior as shown by the
bubble streaks in Fig. 4.25c,d respectively. In both cases, the higher gas flow
rate left entrains liquid and bubbles from the right, creating a buoyancy driven
upward flow with a large vortex and with bubbles moving downward at the far
right side as a result.
4.7 Conclusions
A new bubbly flow test rig (“LimBuRig”) was built with the view of collecting
accurate experimental under precisely documented conditions for the purpose of
validating Euler-Euler CFD simulations of bubbly flows. The rectangular column
consists of two square sections, each with its own gas and liquid supply and the
bubbles being produced from 4×98 needles, evenly distributed across the bottom
of these two square sections. The column is able to
 operate with and without liquid co-flow;
 produce bubbles of an almost uniform size in the range 4-7 mm which all rise
with the same terminal velocity [Clift et al. (1978)];
 produce bubbles with an essentially bi-modal size distribution within the range
4-7 mm, the ratio of the two mean bubble diameters being maximum 1.15;
 create a very uniformly aerated bubbly flow in the entire column for varying
water heights;
 create two separate bubbly flows, from the two square sections, with different
gas and liquid flow rates and with the same or different bubble sizes, with the
view of studying their interaction and mixing,
To get all needles bubbling and bubbling at the same formation rate, it was
required to insert additional restrictions (capillaries) in the supply lines to the
needles, with the view of creating extra pressure drop. As a result, the correlation
for dimensionless bubble size as a function of Bond and Froude numbers had to
be modified slightly (compared to the single needle data reported in Chapter 2).
Bubble formation rates were measured by both high-speed imaging and a simple
acoustical method. The clear peaks in the acoustic spectra coincide with the
bubbling rates found by image analysis. This confirms the previous conclusion
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(Chapter 2) that using a (low cost) microphone is an elegant way of measuring
bubble formation rates.
Overall volume fractions in the column were determined by means of bed
expansion as well as air chamber pressure measurements. While the two methods
gave very similar results, the latter is also applicable when bed expansion cannot
be measured in the case of e.g. liquid co-flow. In the absence of liquid co-flow, the
sparger is able to create a homogeneous bubbly flow up to an overall gas volume
fraction of ≈ 20 %. The overall volume fraction without liquid co-flow was found
to increase almost linearly with increasing air flow rate over a substantial range
of gas flow rates, while at a specific air flow rate it decreased in a non-linear way
with increasing liquid flow rate. The slip velocity was found to increase with
increasing void fraction.
In a series producing bi-modal bubble size distributions in the range 4-7 mm,
the ratio of the two bubble sizes was 1.15 maximum. A difference in overall gas
hold-up was as a result of such bi-modal distributions was not observed. Finally,
visual observations of overall flow patterns were presented in the case of unequal
aeration of the left and right parts of the column, for the time being in the absence
of liquid co-flow.
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The effect of a uniform liquid
co-flow on gas fractions, bubble
velocities and chord lengths1
Unique experiments were performed in a homogeneously sparged rectangular
400×200×2630 mm (W ×D ×H) bubble column with and without liquid co-flow.
Bubbles in the range 4-7 mm were produced by needle spargers, which resulted in
a very uniform bubble size. Dual-tip optical fibre probes were used to measure
horizontal profiles of gas fractions, bubble velocities and bubble chord lengths for
Usg in the range 0.63-6.25 cm/s and Usl up to 0.2 m/s. Images of the bubble
column were captured and a Bubble Image Velocimetry technique was adopted to
calculate bubble (parcel) velocities. For low gas fractions, when a homogeneous
flow regime occurred, both methods agreed very well and the optical fibre probes
were found to be rather accurate for these large bubbles. A liquid co-flow was
found to have a calming effect and to stabilize a homogeneous bubbly flow regime,
with less spatial variation in gas fractions and bubble velocities. Bubble chord
lengths were almost normally distributed and do not exhibit the theoretical tri-
angular probability density functions. The mean cord lengths were in the range
1.9-3.5 mm and found to increase with Usg and to decrease slightly with increasing
Usl, while a liquid co-flow significantly reduced the standard deviation of the chord
length distribution.
1This Chapter is submitted for review to Int. J. Multiphase Flow.
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5.1 Introduction
Due to the continuous increase in computational power and demand for more
accurate multiphase CFD simulations, there is an obvious need for more precise
and detailed experimental data on bubbly flows for development and validation
purposes. Euler-Euler CFD simulations, where both liquid and gas phases are
modeled as interpenetrating fluids, require proper modelling of two-phase tur-
bulence and of the interface interaction forces such as drag, virtual mass, lift,
wall lubrication and turbulent dispersion [Dhotre et al. (2013); Liao et al. (2015);
Van den Akker (1998a); Van Den Akker (1998b, 2015)].
These submodels dealing with interfacial momentum transfer rates and bub-
ble induced turbulence, are a strong function of the (local) bubble diameter, slip
velocity, and void fraction and many CFD models assume a constant, single bub-
ble size. However, in most bubble columns (industrial or for research purposes),
bubbles are formed chaotically with a non-uniform distribution of polydisperse
bubbles; hence assuming a single bubble size to model dispersion and bubble
induced turbulence is a bold oversimplification. A disparity of the (initial) bub-
ble size (at gas sparger level), causes non-uniform bubble slip velocities, which
leads to additional lateral dispersion (due to bubbles overtaking) generating addi-
tional turbulence, and strongly increased bubble collision rates, leading to bubble
coalescence and breakup.
Bubble size distributions therefore play a vital role in setting up CFD simu-
lations and in their validation [Besagni and Inzoli (2016)]. Most recent develop-
ments of multi-phase CFD codes deal with breakup and coalescence kernels to
more precisely model interfacial momentum transfer rates and bubble induced
turbulence based on a local bubble size distribution (modeled by a population
balance and a limited amount of bubble size classes), at the cost of increased
complexity, longer simulation times and convergence issues. Huang et al. (2018)
studied the impact of bubble size modeling in CFD simulations of bubble columns
and found that: (1) the single bubble size models gave surprisingly good agree-
ment with experimental data for symmetrical bubble columns, but less accurate
agreement was obtained for a-symmetric sparging configurations (which will be
dealt with in Chapter 6); and (2) there is no agreement on accurate models
describing bubble coalescence and breakup rates (h-, and i-MUSIG models). Ex-
perimental data with a uniform bubble diameter is then required to distinguish
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between effects caused by a swarm of uniform bubbles or more complicated in-
teractions between non-uniformly sized bubbles. In the ideal case of a single
unique and constant bubble size, accounting for a bubble size distribution and
breakup/coalescence is no longer necessary, such that a model for bubble induced
turbulence can be validated independently of the enactment of other models for
interfacial momentum transfer.
It is then obvious that there is a coexisting requirement for bubble size mea-
surements along with local bubble velocities and gas fractions. In this Chapter,
new experimental data is reported, in terms of local void fractions, bubble ve-
locities and bubble chord lengths, on bubbly flows in a homogeneously sparged
bubble column with a very uniform bubble size. For diluted bubbly flows [Be-
sagni et al. (2016)], or in shallow (pseudo 2D) bubble columns such as in Lau
et al. (2013), an image analysis approach can be performed to obtain gas frac-
tions and bubble size and shape measurements. For denser bubbly flows and/or
larger bubble columns, image analysis becomes increasingly difficult due to over-
lapping bubbles. Measurement methods are then limited to X-ray densiometry
[Hernandez-Alvarado et al. (2018); Mandalahalli et al. (2020)], electrical resis-
tance tomography [Singh et al. (2017)] or intrusive measurement methods such
as a borescope [Hernandez-Alvarado et al. (2018)], wire-mesh sensors [Hampel
et al. (2009); Hernandez-Alvarado et al. (2018); Prasser et al. (1998)], shadow-
graphic optical probes [Lichti and Bart (2018)], or (multi-point) electrical re-
sistance [Buwa and Ranade (2005); Singh et al. (2017)] or optical fibre probes
[Bakker (1992); Frijlink (1987); Harteveld (2005)].
Optical fibre or electrical resistance probes are very suitable due to the sim-
plicity of its signal analysis and are regularly used in the form of: (1) a single tip
configuration to obtain the local phase indicator function (PIF) for determining
the local gas fraction [Enrique Juliá et al. (2005)] and the power spectral den-
sity of the PIF [Singh et al. (2017); Tyagi and Buwa (2017)]; (2) dual-tip probes
(with a vertical spacing ∆y), to measure, in addition to the local PIF, bubble
velocities (in the y−direction) based on the flying time and bubble diameters and
chord lengths by assuming aligned uni-directional flow [Bakker (1992); Barrau
et al. (1999); Besagni et al. (2016); Chaumat et al. (2005); Dias et al. (2000);
Frijlink (1987); Groen (2004); Harteveld (2005); Kiambi et al. (2003); Murzyn
et al. (2005); Simonnet et al. (2007); Tyagi and Buwa (2017)]; and (3) four-point
probes (in a triangular pyramid [Bai et al. (2008); Guet et al. (2003, 2005); Lucas
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and Mishra (2005); Ojha and Dahhan (2018); Xue et al. (2003)]) to also determine
bubble velocity directions and shapes.
All these types of optical fibre probes are inherent to certain measurement
inaccuracies and sampling bias caused by: (1) the blinding effect due to improper
(de-)wetting of the probe; (2) the crawling effect as a result of deformation and/or
deceleration of a pierced bubble; and (3) the drifting effect as bubble trajectories
are altered due to the presence of an intrusive probe. The latter effect causes
challenges for calculating correct flying times for dual-tip or four-point bubble
probes as bubbles are deflected by the first (lower) probe tip and not measured
by the upper probe tip(s).
While Cartellier (1992) correlated the rise time (or signal derivative as in
Mizushima et al. (2013)) of a signal from a single optical fibre with interface ve-
locity measurements from a digital camera, Cartellier and Barrau (1998a) used
conical fiber tips and Cartellier and Barrau (1998b); Frijlink (1987); Groen (2004)
introduced improved fibre tip shapes (as adopted later by Pjontek et al. (2014))
to determine the interface velocity. However, these authors still recommend cali-
bration of the velocity measurements (using piercing experiments) for each man-
ufactured tip or fluid.
More recent developments on velocity measurements using a single fibre are
based on resolving the coherent beat frequency between the Fresnel reflection
(fibre-fluid interface) and the reflections of an approaching interface by using a
very high sampling rate (10 MHz) as in Chang et al. (2003); Lim et al. (2008).
As this technique resolves the velocity of an approaching interface before bubble
piercing takes place (when the distance between the fibre tip and bubble surface is
100-300 µm), effects of blinding, crawling and drifting are eliminated. However,
as the intensity of the scattered light is limiting, velocity realizations are only
found possible if the angle of attack is almost normal. Consequently, only as
little as 2% of the detected bubbles contain velocity information (when pierced
in the center of a bubble). While the velocity measurements may be still very
representative, chord length measurements are largely biased for both single tip
and dual tip optical fibres.
Measurements were carried out in the ”LimBuRig” test facility, which is metic-
ulously described in Chapter 4, Sec. 4.2. A needle sparger was carefully con-
structed, such that a maximally uniform initial bubble size distribution of large
bubbles in the range 4-7 mm (with an almost constant terminal rise velocity
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[Clift et al. (1978)]) was achieved for Usg up to 3.1 cm/s without liquid co-flow
and beyond for higher co-flow velocities. A correlation was developed to describe
the initial bubble size distribution (at gas sparger level), and will be used in the
present study to calculate the mean volume equivalent diameter deq.
In-house developed dual-tip optical fibre probes were used to measure gas
fractions, bubble velocities and bubble chord lengths. Bubble velocities measured
with dual-tip optical fibre probes were then compared with bubble velocities
measured using a Bubble Image Velocimetry [Cheng et al. (2005); Mandalahalli
et al. (2020)] approach at low gas fractions. Unlike other reported data on bubbly
flow in the ”pseudo-homogeneous” (poly-dispersed homogeneous) regime [Besagni
et al. (2018)], this Chapter reports chord length distribution measurements for
conditions with known (see Chapter 4, Sec. 4.4) uniform single sized bubbles for
various Usg and Usl.
The main objectives of this Chapter are to show how: (1) the (uniformity of)
the gas fraction α is a function of the superficial liquid and gas velocities and to
validate the previously proposed correlation for the gas hold-up; (2) the bubble
velocity vb is influenced by liquid co-flow, where the optical fibre probe (OFP) and
Bubble Image Velocimetry (BIV) methods are compared; and (3) the distribution
of the bubble chord length c is a function of the superficial gas velocity and liquid
co-flow velocity and how they relate to the mean bubble diameter.
The structure of this Chapter is then as follows. Sec. 5.2 briefly describes the
setup and adopted measurement methods; Sec. 5.3 shows results on the measured
void fractions, bubble velocities and chord lengths respectively; and conclusions
and recommendations for future work are presented in Sec. 5.4.
5.2 Experimental
5.2.1 Test Facility
Two parallel streams of bubbly flows, for this work with equal superficial gas, Usg,
and superficial liquid velocities, Usl, start interacting downstream of the trailing
edge of a splitter plate as shown in Fig. 5.1a. The superficial velocities are defined
as volumetric flow rates (at standard conditions) divided by the cross-sectional
area of the column. Usg was varied in the range 0.63-6.25 cm/s, and Usl in the
range 0-0.2 m/s. Bubbles are formed by 2×196 ∅1.55 mm i.d. needles to establish
formation of a uniform homogeneously distributed bubble size. More details on
129
5. The effect of a uniform liquid co-flow on gas fractions, bubble
velocities and chord lengths
the design of the test facility, bubble formation rates/diameters and overall gas
fractions (using a bed expansion technique) can be found in Chapter 4, Sec. 4.2,
4.4 and 4.5 respectively. For this Chapter, Optical Fibre Probes and a Bubble
Image Velocimetry technique are used to study the flow. These techniques are
discussed below and the experimental settings are summarized in Tab. 5.1.
Table 5.1: Operating conditions. OFP: Optical Fibre Probe; BIV: Bubble Image
Velocimetry. x: lateral position; y: vertical position (from trailing edge of the
splitter plate). Note that the trailing edge of the splitter plate is located 17 cm
above the sparger. Photographs, (Fig. 5.4), bubble velocity distributions and chord
length distributions (OPF measurements in the center of the column at x = 0 cm),
Figs. 5.8, and 5.13 respectively, are shown for four cases near the limits of the
operating conditions (Usg = 1.25, 6.25 cm/s and Usl = 0, 0.2 m/s).
Method Usg Usl x y
cm/s m/s cm cm
OFPs 0.63-6.25 0, 0,1, 0.2 -17.5...17.5 23, 63
(α, vb, c) (in steps of 2.5 cm)
BIV (vb) 1.25 0, 0,1, 0.2 -20...20 -15...1250
5.2.2 Bubble Image Velocimetry
Images of the bubble column (see Fig. 5.1a) were captured at a rate of 100 Hz (Jai
Go 2400M camera, Kowa LMVZ166HC 16-64 mm varifocal lens) and corrected
for lens distortion. The camera was calibrated using both the width and height
of the column and resulted in a spatial resolution of 0.70 mm/pix. A contrast
limited adaptive histogram equalization (CLAHE) algorithm [Zuiderveld (1994)]
was used to improve the contrast of the images as shown in Fig. 5.1b.
A direct image cross-correlation technique as in Cheng et al. (2005) was
adopted to obtain the velocity of bubble parcels. The image cross-correlation
coefficient between f (time t) and g (time t +∆t) was calculated according to
Ri,j =
ΣmΣn [f(m + i, n + j) − f] [g(m,n) − g]√
ΣmΣn [f(m,n) − f]
2
ΣmΣn [g(m,n) − g]2
(5.1)
where n,m are sub-ranges (interrogation windows) of the full image and i, j are
the pixel shifts in vertical and horizontal direction. Fig. 5.2 shows a surface plot
of Ri,j as function of i and j. A window size of 40×40 pixels (≈ 3×3 cm) was found




Figure 5.1: Images of the bubble column. The field of view is 40 × 140 cm
(W ×H), starting ≈2 cm above the needle sparger. (a) Raw image corrected for
lens distortion. (b) Enhanced image using a contrast-limited adaptive histogram
equalization (CLAHE) technique. Usg = 1.67 cm/s. Usl = 0.2 m/s.
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j = -0.26 
 i =  5.98
Figure 5.2: Top: Interrogation windows f(m,n) (at time step t) and g(m,n) (at
time step t+∆t), with m,n being sub ranges (40×40 pix2) of the full image shown
by Fig. 5.1b. Bottom: Image cross correlation coefficient Ri,j between f and g as
a function of the pixel shifts i, j, see Eq. (5.1).
an overlap of 50% was used, which resulted in a spatial resolution of ≈1.5 cm.
Quadratic interpolation was used to obtain a subpixel displacement resolution and
spurious velocities were removed using a mean ±3σ outlier detection algorithm.
5.2.3 Dual-tip optical fibre probes
Horizontal profiles of gas fraction α, bubble velocity vb, and bubble chord length
c were measured in the center of the column (between front and rear wall) at
23 and 63 cm downstream of the trailing edge of the splitter plate by using two
in-house developed double-point optical fiber probes.
The probe response signals from each probe tip were sampled at a rate of 5000
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Figure 5.3: Normalized and filtered dual-tip optical fibre probe signal. Black:
lower tip; Grey: upper tip. ∆tf ∶ Flying time; td: Dwelling time. The red horizontal
dotted line shows the binarization threshold and the dashed line shows the phase
indicator function.
Hz and filtered using 3-point weighted moving average (1/4, 1/2, 1/4) filter. The
signals were then normalized using the span of a signal (see black and grey curve
in Fig. 5.3) and binarized to obtain the phase indicator functions (dashed line,
lower probe tip only), using a threshold value of 3× the standard deviation of the
baseline noise (red dotted line). Void fractions were then calculated using the
average value of the phase indicator functions for the lower probe tips, as those
are less subjected to the drifting effect. A measurement duration of 100s was
found to be sufficient to obtain an accurate estimate of the local void fraction.






where the flying time ∆tf , is measured as the time a bubble’s front interface
takes to rise from the lower to the upper fibre tip as indicated in Fig. 5.3.
The vertical distance between the two tips of a probe, ∆y, was 3.75 mm for
probe No. 1 and 2.45 mm for Probe No. 2. As uniform large (deq > 4 mm)
oblate/wobbling bubbles, are expected to rise mostly vertically, the probe tip
separations ∆y and sampling rate were optimized to deliver accurate results and
no significant difference was found between the two dual-tip probes. Due to effects
as drifting and crawling, bubble velocity measurements were ignored when the
ratio of dwelling times of the lower and upper probe tip for a bubble is less than
0.6, where the dwelling time td is the duration a probe tip spends inside a bubble
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(time between the piercing of the front and rear interface of a bubble, see Fig.
5.3).
Bubble velocities outside 3× the standard deviation from the mean are defined
as outliers and removed for further analysis. ≈30% of the bubbles detected on
the lower probe tip result in a velocity measurement. The arithmetic mean of
the bubble velocity distribution is then presented as vb, whereas the standard
deviation of the distribution is denoted by Stdev(vb).
For each valid bubble velocity measurement, the chord length is then calcu-
lated according to:
c = tdvb (5.3)
which yields a chord length distribution. As spurious velocities were removed and
probe (de-)wetting events can be detected with high accuracy (see triangles in
Fig. 5.3), almost no outliers were found for the chord length measurements. The
mean and standard deviation of the chord length was then calculated from the
chord length distribution and denoted as c and Stdev(c)
The mean chord length can also be calculated according to Chaumat et al.




where fb is the bubble detection rate on the lower fiber tip, which can be deter-
mined with high accuracy, and αvb can be interpreted as the local superficial gas
velocity. Both methods for determining c will be compared in Sec. 5.3.
For spherical and (oblate) ellipsoidal bubbles, the mean vertical diameter of






Assuming uniformly sized bubbles, the volume equivalent bubble diameter
then relates to the aspect ratio and vertical diameter of the bubbles according to
Besagni et al. (2016); Colombet et al. (2015); Simonnet et al. (2007):
db,eq = d∥ϕ−2/3 = d⊥ϕ1/3 (5.6)
where the aspect ratio of the bubble ϕ = d∥/d⊥, with d⊥ and d∥ being the major
and minor axes of an oblate ellipsoidal bubble.
1It was noted that the factor 3
2
in Eq. (6) in Simonnet et al. (2007) for the calculation of





Figure 5.4: Close-up photographs of the left inlet compartment of the bubble
column. The width of the photo is 20 cm. Top: Usl = 0 m/s; bottom: Usl = 0.2
m/s. Left: Usg = 1.25 cm/s; right: Usg = 6.25 cm/s. (a): α ≈5.5%, db,eq =5.1 mm;
(b): α ≈24%, db,eq polydisperse due to coalescence; (c): α ≈3.0%, db,eq =4.4 mm;
and (d): α ≈14%, db,eq =7.1 mm.
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5.3 Results & Discussion
5.3.1 Visual observations
Fig. 5.4 shows photographs of the bubble column for four operating conditions in
the studied range, e.g. Usg=1.25 (left) and 6.25 cm/s (right) and co-flow velocities
Usl= 0 (top) and 0.2 m/s (bottom).
At low aeration rates (left), the gas fraction is low and the column is suffi-
ciently optically accessible to obtain a good contrast for image analysis. Individ-
ual bubbles can be distinguished and a very uniform bubble size distribution is
observed. A BIV technique may be used in this regime due to the justified as-
sumption of uniformity of the flow (the absence of wall/center peaking in velocity
and/or void fraction), while the effects of front and rear wall on the measured
velocity profiles are ignored.
At intermediate to high gas fractions, a boundary layer develops at both sides
of the splitter plate, thereby creating a wake region in the center of the bubble
column, leading to horizontal gradients of the void fraction and bubble velocities
in the center of the column.
At high aeration rates (right) the fluid is opaque and only bubbles in the front
wall region can be recorded on a camera. The flow is chaotic (center peaking void
fraction/bubble velocity and flow reversal at the column walls) and a BIV tech-
nique cannot be used anymore as the assumption of quasi-2D flow (no gradient
in the collinear direction) no longer holds.
Without liquid co-flow and high aeration rates (Fig. 5.4b), the uniformity of
the bubble size distribution suffers due to coalescence occurring during bubble
formation at the needles (see sparger region). With increasing liquid co-flow
(Fig. 5.4d), the flow remained chaotic as the gas fraction was high. However,
coalescence (e.g. at the needle) was prevented (liquid co-flow reduces bubble-
bubble interactions, see Chapter 2) and a uniform bubble size distribution was
reestablished, as parallel trains of bubbles were formed in the sparger region,
which started to interact some 5-10 cm above the needle outlets, see also the
spreading rates in Chapter 3.
Fig. 5.5 shows simulated bubble streaks by averaging the 500 photographs
of a 5s image series. Under typical conditions, the column is free from lateral
dispersion, at least in the lower part of the column as the rise velocities of the
bubbles are very uniform thanks to the already limited variation in bubble size.
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(a) Usg = 0.63 cm/s;
Usl = 0.0 m/s.
(b) Usg = 1.25 cm/s;
Usl = 0.0 m/s.
(c) Usg = 1.25 cm/s;
Usl = 0.2 m/s.
Figure 5.5: Bubble streaks obtained by a 5s simulated long exposure (image
averaging technique). Corrected for lens distortion and contrast enhanced using a
CLAHE technique. The width of the images is 40 cm. Each inlet has an array of
14×14 needles.
At low superficial gas velocities (Fig. 5.5a), bubble streaks originating from a
single needle can be distinguished up to a height of ≈ 20 cm above the needle
outlets, while a wake effect of the splitter plate is clearly visible in the center
of the column. For somewhat higher Usg (Fig. 5.5b, see also Fig. 5.4a), lateral
dispersion is emerging and separate bubble streaks cannot be observed beyond
≈5-10 cm above the needle outlets. A coflow (Fig. 5.5c) was then found to reduce
lateral dispersion due to a strong advection as straight bubble streaks can be
detected up to ≈ 40 above the needle outlets, see also Fig. 5.4c.
5.3.2 Gas fraction
5.3.2.1 Horizontal gas fraction profiles
Fig. 5.6a shows lateral profiles of the void fraction for Usg in the range 0.63-6.25
cm/s without co-flow at a height of 80 cm above the sparger level. For low gas
flow rates, the gas fraction profile was very uniform, whereas for increasing gas
flow rates, steep gradients of α were found in the close vicinity of the column
137
5. The effect of a uniform liquid co-flow on gas fractions, bubble
velocities and chord lengths
U
sg
 = 6.25 cm/s
U
sg
 = 3.13 cm/s
U
sg
 = 1.25 cm/s
U
sg
 = 0.63 cm/s
U
sl
 = 0 m/s
U
sl
 = 0.1 m/s U
sl
 = 0.2 m/s

























Figure 5.6: Gas fraction α as a function of horizontal position x for (a) various
superficial gas velocities Usg without liquid co-flow and (b) for various superficial
liquid velocities Usl for Usg = 1.25 cm/s.
wall. Due to wall effects (including splitter plate), bubbles migrated to the center
of the bubble column, thereby creating local maxima in the void fraction profile.
Fig. 5.6b shows lateral profiles of the void fraction for Usl in the range 0-0.2
m/s for Usg=1.25 cm/s (note the difference in scale between (a) and (b)). While
a slightly uneven void fraction profile was observed for Usl = 0 m/s (●○), a liquid
co-flow flattens the void fraction profile and the effect of the splitter plate and
wall effects on the lateral bubble migration were reduced.
5.3.2.2 Gas hold-up curves
Fig. 5.7 shows the development of the horizontally averaged void fraction profiles
⟨α⟩ as a function of the superficial gas velocity for Usl=0 (●○, ○), 0.1 (⧫), and 0.2
m/s (∎). The error bars denote the span wise variation of α in the void fraction
profiles as shown in Fig. 5.6. The filled markers denote measurements at a height
of 80 cm above the sparger level, while the open markers show measurements at
a height of 40 cm. For high Usg, lower void fractions were measured at a lower
height due to a more homogeneous flow pattern closer to the sparger as the
center-peaking void fraction profile is developing with the height.
The dotted lines in Fig. 5.7 show the overall gas hold-up as predicted by the
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Figure 5.7: Void fraction ⟨α⟩ as a function of superficial gas velocity Usg. The
error bars denote the spreading of α in horizontal direction. The dotted line shows
the predicted overall gas hold-up as calculated using the correlation developed in
Chapter 4, and given by Eq. (5.7).
correlation developed in Chapter 4, Eq. (4.24), here repeated as:
α = Usg
Usg +Usl + ξUt
(5.7)
with Ut the terminal rise velocity of an isolated bubble (≈ 24 cm/s) and ξ =
H0/β
Ut
≈ 0.82, where H0 and β followed from bed expansion experiments. Good
agreement was achieved with void fractions as measured by using optical fibre
probes (markers). As the local void fraction measured at a height of 80 cm above
the sparger is representative for the overall gas hold-up, measurements are limited
to y =80 cm for measurements including co-flow.
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5.3.3 Bubble velocities
5.3.3.1 Bubble velocity histograms
Fig. 5.8 shows velocity histograms for four operating conditions in the range
studied, e.g. Usg=1.25 (left) and 6.25 cm/s (right) and co-flow velocities Usl= 0
(top) and 0.2 m/s (bottom). For all cases, the velocity histograms exhibited an
almost Gaussian distribution. As bubbles were almost uniform in size and had
an almost equal rise velocity in this size range [Clift et al. (1978)], the spreading
of the measured velocities can be explained by: (1) swarm effects, as bubbles
may be hindered or accelerated due to the presence of other bubbles, thereby
developing large circulation patterns; (2) interface oscillations, as bubbles of this
size behave as wobbling bubbles (instead of rigid ellipsoids); (3) crawling, as the
velocity of an interface may be influenced by the presence of the probe and may
also depend on the bubble velocity itself, interface curvature (phase of oscillation)
and piercing position; (4) coalescence at gas sparger level, when the uniformity of
the initial bubble size is compromised (only for high Usg and no liquid co-flow, see
Fig. 5.8b). For increasing liquid co-flow the spread in bubble velocities narrows
as bubbles carry more momentum (in their added mass) and are less likely to
suffer from crawling and swarming.
As the flying time ∆tf , see Eq. (5.2), is discrete (with a resolution of 1/5000
s), the velocity histogram has wider bins at the right tail, due to a lower velocity
resolution at higher velocities (low ∆tf ). This effect is more prominent for probe
No. 2 as ∆y2 < ∆y1. For the present application, bubble velocities >1.0 m/s are
highly unlikely and a sufficient resolution in the velocity domain is achieved with
the optical fibre probes.
5.3.3.2 Horizontal profiles of the bubble velocity
Fig. 5.9a shows lateral profiles of the mean bubble velocity vb for Usg in the
range 0.63-6.25 cm/s without co-flow at a height of 80 cm above the sparger
level. Low gas flow rates resulted in slightly wavy bubble velocity profiles with
bubble velocities in the range 19-24 cm/s. For increasing gas flow rates, bubbles
traversed away from the column side walls (and splitter plate), thereby creating
two maxima in the bubble velocity profiles. Steep gradients of vb show up in
the vicinity of the column wall with bubbles even moving downward close to the
140
5.3 Results & Discussion
Probe 1                                                       Probe 2
(a) (b)
(c) (d)
Figure 5.8: Velocity histograms measured by the optical fibre probes in the centre
of the column (x=0). Top: Usl=0 m/s; Bottom: Usl=0.2 m/s. Left: Usg=1.25
cm/s; Right: Usg=6.25 cm/s. The red bars show the bubble velocity histograms
obtained using probe 1, whereas the blue bars denote velocity histograms measured
by probe 2.
column side walls, which cannot be properly detected using optical fibre probes
in the current configuration.
Standard deviations of the bubble velocity (see Fig. 5.9c) are almost constant
across the lateral direction and increase with increasing Usg. Slight increases of
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Figure 5.9: (a,b) Mean bubble velocities vb and (c,d) standard deviations of the
bubble velocities Stdev(vb) as a function of horizontal position x. Left (a,c): no
co-flow (Usl = 0 m/s) and various Usg; Right (b,d): with co-flow (Usl = 0,0.1,0.2
m/s) for Usg = 1.25 cm/s.
Stdev(vb) are noticed close to the column wall for high Usg due to the emerging,
unsteady, down flux at the column walls.
Fig. 5.9b shows lateral profiles of vb obtained using OFP’s (large markers +
dotted line) and a BIV technique (small markers + solid line) for Usl in the range
0-0.2 m/s and Usg=1.25 cm/s. The shape of the velocity profiles, obtained by
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Figure 5.10: (a) Time and horizontally averaged bubble velocities ⟨vb⟩ and (b)
standard deviations of vb as a function of superficial gas velocity. The error bars
denote the spread in (a) vb and (b) Stdev(vb) with respect to the horizontal direc-
tion.
using the two methods, is comparable for all cases, while for Usl =0.1 m/s the
agreement is almost perfect.
Due to wake effects of the splitter plate, a double peaking bubble velocity
profile develops for Usl = 0 m/s (●○). A liquid co-flow then has a uniforming effect
on the bubble velocity profile as (1) the effect of the splitter plate and wall effects
on the lateral bubble migration is reduced as bubbles are entrained by a (uniform)
liquid flow and (2) rather lower standard deviations (see Fig. 5.9d) of the bubble
velocity are measured with increasing Usl.
For Usl = 0 m/s (higher α), BIV showed lower bubble velocities than the
OFP’s, which may be due to a gentle down flux reducing the bubble velocities in
the vicinity of the column walls. For Usl = 0.2 m/s, velocities from BIV were ≈9%
higher than mean velocities obtained by using the dual-tip optical fibre probes.
The discrepancies between OFP and BIV may be due to 3-D effects (non-flat
profiles of velocity and gas fraction). Experiments with a smaller depth of view
and higher frame rate are recommended to optimize the BIV technique.
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5.3.3.3 Bubble velocities as a function of Usg
Fig. 5.10a shows the plots of the spatially averaged mean bubble velocity as a
function of superficial gas velocity and Fig. 5.10b shows the related (also spatially
averaged) standard deviation of the bubble velocities. Error bars denote the
horizontal spread in vb and Stdev(vb) respectively.
Without liquid co-flow (●○, ○), average mean bubble velocities increase with in-
creasing superficial gas velocity up to Usg ≈ 3.0 cm/s. An almost constant average
mean bubble velocity was measured in the range Usg =3.0-4.5 cm/s, whereafter
the bubble velocities rapidly increase with increasing Usg. A similar trend was
observed when gas velocities were derived from gas hold-up curves (bed expansion
experiments) using a drift-flux model as described in Chapter 4, Sec. 4.5.
The standard deviation of the bubble velocities continuously increases with
increasing superficial gas velocity for the whole range of Usg. Higher bubble
velocities and standard deviations were measured at a height of y =80 cm (●○),
compared to y = 40 cm (○), as the flow regime gradually departed from a homo-
geneous bubbly flow and center peaking void fraction and bubble velocity profiles
started to develop. While at the lowest aeration rates, bubbles in the range 4-8
mm essentially have a constant rise velocity of ≈ 24 cm/s [Clift et al. (1978)], a
standard deviation of ≈5 cm/s was found in the present study and ascribed to
interface oscillations and crawling. At higher aeration rates, swarm effects and
coalescence effects give rise to the increase in Stdev(vb)
For cases with liquid co-flow, higher bubble velocities (at low/intermediate
Usg) were observed which increased almost linearly with increasing superficial
gas velocities. No shoulder followed by a steep increase was detected at interme-
diate/high Usg. Also, co-flow leads to lower standard deviations of vb (see Fig.
5.10b) and the lateral spreading thereof, indicating that there is no (gradual)
regime transition, as the homogeneous bubbly flow regime is stabilized by the
liquid co-flow.
5.3.3.4 Gas flux measurements
The local gas flux can be calculated from α and vb as measured by the optical
fibre probes according to:
⟨Jg⟩ =
1
A∬A vbαdA ≈ ⟨α × vb⟩ (5.8)
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Figure 5.11: Measured gas flux ⟨Jg⟩, see Eq. (5.8), as a function of applied
superficial gas velocity. The dashed line shows the parity line.
and shown in Fig. 5.11. ⟨Jg⟩ can then be used to assess the degree of homogeneity
as in Colombet et al. (2015) or accuracy of the bubble probes as in Bai et al.
(2010).
While Bai et al. (2010) found their ⟨Jg⟩ being some 30% smaller than the
applied gas flow rate (for 2< Usg < 10 cm/s), very good agreement was found
between both values for Usg up to about 2 cm/s without co-flow. At higher Usg,
the measured gas flux departs from the applied Usg which can be explained by
the center peaking void fraction and bubble velocity profiles (with down flow
emerging at the column walls). This divergence starts at Usg=2.0 cm/s and
becomes increasingly distinct for Usg >4.5 cm/s, while this effect is less prominent
for the region closer to the sparger where the flow pattern is still developing (open
marker).
Measured gas fluxes ⟨Jg⟩ are higher as (1) more measurements were performed
in the bulk of the column (the plateau in the void fraction and velocity profiles, see
Fig. 5.6a and Fig. 5.9a respectively); and (2) very low/negative bubble velocities
in the vicinity of the column wall cannot be measured due to the limitations of
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the probe.
In case a liquid co-flow is applied, the gas flux is almost equal to the applied
Usg for all cases considered. It may then be concluded that (1) the dual-tip bubble
probes work very well for determining α and vb; (2) the flow regime gradually
departs from homogeneous bubbly flow at Usg > 2.0 cm/s and Usl =0 m/s; and
(3) a liquid co-flow stabilizes the homogeneous bubbly flow regime.
5.3.3.5 Literature Comparison
Fig. 5.12 shows the relative bubble (slip) velocity as a function of the gas fraction,
where Us is calculated assuming uniform (co-)flow by using a drift-flux model
according to:
Us = ⟨vb⟩ −
Usl
1 − ⟨α⟩ (5.9)
The black markers represent the data as shown in Figs. 5.7 and 5.10a, whereas
the colored markers and dashed line show relative gas velocities as a function of
α as reported in a selection of relevant literature.
While the relative gas velocities reported by Alméras et al. (2018); Besagni
et al. (2016); Colombet et al. (2015) (no co-flow) and Garnier et al. (2002); Si-
monnet et al. (2007) (with co-flow) show decreasing gas velocities with increasing
gas fraction at low gas fractions, Us was found to increase with increasing α for
all conditions (α >3%) investigated. As the estimated terminal rise velocity Ut
for isolated bubbles in the range 4-8 mm is ≈ 24 cm/s, Us at low α was slightly
smaller than Ut. Hindered rise (as in Besagni et al. (2016) up to α ≈5% and
Simonnet et al. (2007) up to α ≈ 15%) may occur to a some extent for lower
gas fractions, but no data could be obtained in that regime due to the risk of
weeping. The early onset of swarming (increasing Us with increasing α) can thus
be explained by the large bubble size in agreement with Simonnet et al. (2007),
as small (uniform) bubbles, which stabilize homogeneous bubbly flow, show hin-
dered bubble rise behavior as in Alméras et al. (2018); Colombet et al. (2015);
Garnier et al. (2002).
Relative velocities measured with the optical probes are higher than derived
from global gas hold-up measurements by using a drift-flux model as in Chapter
4 (see cases B1, C2 in Fig. 5.12 and Fig. 4.18). At low α (uniform bubbly flow),
good agreement was found, but, due to a center peaking gas fraction/bubble
velocity profile at higher void fractions, the measured gas flux is overestimated
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Figure 5.12: Relative gas velocity Us, see Eq. (5.9), as a function of gas fraction.
A comparison with relevant reported data.
(see Fig. 5.11). Us is then also overestimated as the probes are biased to high
(upward) velocities and low (downward) velocities in the vicinity of the column
wall cannot be measured by the current probe configuration.
It was observed that when a liquid co-flow was applied, it reduces the emerging
down-flow at the wall as the liquid entrained by the bubble wakes can overflow
from the top of the column, thereby resulting in a more homogeneous flow. A
critical value of Usl may exist when the liquid flow rate (Usl) equals the liquid
entrainment rate in the bubble wakes, which is roughly estimated at CAMUsg,
with CAM being the added mass coefficient. More experiments, at lower co-flow
rates will be required to investigate this hypothesis.
5.3.4 Bubble chord lengths
5.3.4.1 Histograms of bubble chord length distributions
Fig. 5.13 shows chord length distributions for four operating conditions in the
studied range, e.g. Usg=1.25 (left) and 6.25 cm/s (right) and co-flow velocities
Usl= 0 (top) and 0.2 m/s (bottom). Bubble chord lengths clearly increase with
increasing gas flow rates (left to right), while mean chord lengths become slightly
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smaller and distributions more narrow with increasing co-flow velocity (top to
bottom). A small shoulder shows up at the left tail for Usl =0 m/s, which is
not present for chord length distributions obtained for (higher) co-flow velocities,
which agrees well with the bubble contours presented in Chapter 2, Fig. 2.5,
indicating that liquid co-flow tends to make the bubble more spherical.
Roig et al. (1998) found a similar chord length distribution as shown in Fig.
5.13a, while bubbles were produced by porous tube spargers, which typically
results in a polydisperse bubble size distribution. Constant bubble chord length
distributions were found across the lateral and streamwise position and they
concluded that ”either break-up and coalescence did not occur in the flows, or
they were in mutual equilibrium.” While their chord length distribution was found
to be independent of the superficial liquid velocity, where c =2.1±0.6 mm for
α =1.9% and Usl =0.2-0.5 m/s, the results presented in Fig. 5.13 show a clear
dependence of c on Usl and Usg as per the design of the needle sparger.
A theoretically derived triangular left skewed chord length distribution for
rigid ellipsoidal (uniform) bubbles [Clark and Turton (1988); Liu and Clark
(1995)], with the largest measured chord length being the maximum (vertical)
diameter d∥, was not observed in the present cases. Also Chaumat et al. (2005)
reported that 15% of the measured chord length values were larger than the
maximum diameter obtained from image analysis. Although Chapter 4, Sec. 4.4,
shows that very uniform bubbles are formed at gas sparger level for Usg up to 3
cm/s (and beyond when a liquid co-flow is applied), theoretically predicted trian-
gular chord length histograms were not recovered. This discrepancy is explained
by: (1) probe biases with respect to piercing position; and (2) the wobbling behav-
ior (as clearly visualized in the Supplementary material (online) of the published
version of Chapter 4) of non-rigid bubbles, which also explains the longer right
tail for larger bubbles (see Fig. 5.13c).
Theoretical chord length distributions were simulated (see Sec. A5.5) for
mono-disperse rigid and wobbling bubbles, as well as for a poly-disperse bubble
mixture. Very similar chord length distributions were found for mono-disperse
wobbling bubbles and poly-disperse rigid (oblate) bubbles. Therefore, a trans-
formation from a chord length distribution to a bubble size distribution as in
Besagni et al. (2016); Hoang et al. (2015) was not attempted as assuming a con-
stant ellipsoidal shape renders such a transformation invalid. A more complex
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Probe 1                                                       Probe 2
(a) (b)
(c) (d)
Figure 5.13: Chord length distributions measured by the optical fibre probes in
the centre of the column (x=0). Top: Usl=0 m/s; Bottom: Usl=0.2 m/s. Left:
Usg=1.25 cm/s; Right: Usg=6.25 cm/s. The red bars show the measurements of
probe 1, whereas the blue bars corresponds to measurements using probe 2.
method should be developed to account for a variable bubble shape when trans-
forming chord length distributions into a bubble size distributions as a constant
oblate ellipsoidal shape is proven invalid for large bubbles.
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Figure 5.14: Mean chord lengths as a function of horizontal position x for (a)
various gas flow rates without liquid co-flow and (b) for various superficial gas
velocities at Usg = 1.25 cm/s.
5.3.4.2 Lateral profiles of the mean bubble chord lengths
Fig. 5.14 shows lateral profiles of the mean chord lengths c (top) and standard
deviations Stdev(c) of the chord length distribution at a height of 80 cm above
the sparger level for (a,c) Usg in the range 0.63-6.25 cm/s without co-flow; and
(b,d) Usl in the range 0-0.2 m/s for Usg=1.25 cm/s (note the difference in scale
150
5.3 Results & Discussion
U
sl
 = 0 m/s U
sl
 = 0.1 m/s U
sl
 = 0.2 m/s





























Figure 5.15: (a) Mean bubble chord lengths ⟨c⟩ and (b) standard deviations of
c as a function of superficial gas velocity. The error bars denote the spread of c
and Stdev(c) in horizontal direction. The solid markers (a) show the mean of the
chord length distributions (Eq. (5.3)), whereas the open markers show the average
chord length as calculated from the local gas flux and the bubble detection rate
(Eq. (5.4)).
between the left and right column). While the void fraction and bubble velocity
profiles are clearly non-uniform for some of these cases (see Figs. 5.6,5.9), a
very constant mean chord length c was observed for almost all Usg and Usl, which
indicates that the bubble size (distribution) is very constant over the cross section
of the column. A slight spanwise spreading was found for lower gas fractions, as
smaller bubbles are more subjective to drifting and the number of valid bubble
measurements decreased.
5.3.4.3 Bubble chord lengths as a function of Usg
Fig. 5.15a plots the spatially averaged mean bubble chord length ⟨c⟩ as a function
of the applied superficial gas velocity and Fig. 5.15b shows the related (spatially
averaged) standard deviation ⟨Stdev(c)⟩ of the bubble chord lengths. The error
bars indicate the lateral spreading of c and Stdev(c) respectively.
No significant difference was found between chord lengths measured at y =80
cm and y =40 cm (latter not shown), which indicates that the bubble size (distri-
bution) is independent of the vertical position. The averaged mean chord lengths
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⟨c⟩ (a) and the standard deviation thereof (b) increase with increasing Usg for
cases with and without liquid co-flow. Whereas the lateral spread (error bars) of
both ⟨c⟩ and ⟨Stdev(c)⟩ is almost independent of Usg, these distributions become
narrower with increasing co-flow velocity, which confirms that liquid co-flow has
an organizing effect on the (homogeneous) bubbly flow and the bubble formation
process.
The open markers (Fig. 5.15a) show the average chord length c as calculated
by Eq. (5.4) and agree notably well with the mean of the chord length distri-
butions, as calculated using Eq. (5.3) and shown by the solid markers. Due to
the consistency of both methods, it may be concluded that: (1) both probes with
different ∆y work equally well; and (2) a rather high accuracy of the bubble chord
length distributions was achieved. While α and fb can be obtained with a high
degree of accuracy [Chaumat et al. (2005)], it should be noted that (mean) chord
length measurements are subject to a similar relative error as bubble velocity
measurements, see Eqs. (5.3,5.4).
A clear bend in the slope of ⟨c⟩ is observed at Usg ≈ 2.5-3 cm/s (without liquid
co-flow), which coincides with the apparent transition from single separate bubble
formation to bubble formation with coalescence at the needle. As smaller satellite
bubbles may split off from bubbles formed at the needle sparger and a uniform
single bubble size cannot be assumed beyond Usg ≈ 3.1 cm/s (see Chapter 4, Fig.
4.15), a smaller chord length is expected, which agrees well with the trend in Fig.
5.15a and the chord length histogram in Fig. 5.13b.
While still assuming a uniform volume equivalent bubble size and an average
oblate ellipsoidal shape, the mean aspect ratio of a bubble may be calculated
using Eqs. (5.5-5.6). db,eq was then calculated as a function of Usg and Usl using
a correlation developed as described by Eq. (4.16) in Chapter 4 and the volume
equivalent bubble diameter was found to be in the range of 4-8 mm (2.2< Eo <8.7).
The calculated bubble aspect ratios ϕ were in the range 0.47-0.54 and inde-
pendent of the superficial gas and liquid velocities, which agree very well with the
values (≈ 0.5) reported in Garnier et al. (2002); Riboux et al. (2010). Although
the aspect ratios obtained in the present study are slightly lower than reported
in Colombet et al. (2015) (smaller bubbles) and Ziegenhein and Lucas (2017)
(0.5< ϕ <0.6 for Eo > 2), the present experiments agree very well with their ob-
servation of constant ϕ for Eo >2. More experiments using close-up photographs
of the bubble column are needed to further study bubble sizes and shapes, which
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also requires a very complex image analysis algorithm due to the high density of
bubbles in the column.
5.4 Conclusions
New experiments were performed in a homogeneously sparged rectangular bubble
column with large, almost uniformly sized bubbles operated with and without
liquid co-flow.
Very uniform void fraction profiles were obtained for Usg up to 3.0 cm/s at void
fractions up to ≈14%. A gradual transition to inhomogeneous bubbly flow was
observed for larger Usg. Average gas fraction measurements, with and without
liquid co-flow, agree very well with the correlation for the overall gas hold-up
developed in Chapter 4.
Bubble velocities were measured using dual-tip optical fibre probes and com-
pared with parcel velocities obtained using a Bubble Image Velocimetry approach.
Good agreement between both methods was found for gas fractions <5%. While
the biases of (dual-tip) optical fibres are well-known, further research is required
to calibrate the BIV method. As the optical fibres are centered in the column
between the front and rear wall, while the images for the BIV method are cap-
tured of the front column wall, gradients of vb in co-linear direction may impede
a fair comparison of the two methods.
A liquid co-flow was found to reduce spatial variations of vb and mitigate
the wake effect of the splitter plate, therefore stabilizing a homogeneous bubbly
flow. Bubble rise velocities as a function of gas fraction were compared to similar
studies and hindered bubble rise was not observed in any case due to the large(r)
size of the bubbles.
Very similar bubble chord length distributions were measured along the hor-
izontal position in the column which confirms the uniformity of the bubble size
and homogeneous sparging. Mean bubble chord lengths were found to increase
with increasing Usg and to decrease with increasing Usl in a similar way as deq
depends on Usg and Usl.
As bubbles do not behave as rigid ellipsoids and intrusive measurements are
subjected to measurement biases, an improved method should be developed to
distinguish between bubble size (chord) and shape more accurately.
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This Chapter reports accurate data for the effect of liquid co-flow on gas
hold-up, bubble velocities and chord lengths, for bubbly flows characterized by
large, uniformly sized, bubbles in the range 4-7 mm. Such data may be useful
for validating CFD simulations, specifically the Euler-Euler (two-fluid) type, as
models for bubble coalescence/breakup and segregated size classes are no longer
required. Hence, models for interfacial momentum transfer mechanisms can be
validated for a truly uniform bubble size. Future work then may include to study
the effect of a bi-modal bubble size distribution, such that terminal rise velocities
are no longer similar. Models for lateral dispersion can be properly validated
based on empirical knowledge of the bubble size distribution, and depending on
the interfacial tension (water type), coalescence could start to play a role.
The next Chapter will deal with flow patterns in an asymmetrically sparged
bubble column by a parametric study using the same dual-tip optical fibre probes
and Bubble Image Velocimetry.
A5.5 Simulated chord length distributions
The present results (with a uniform, single bubble size) suggest that assuming
a constant shape factor when transforming a CLD to a BSD is insufficiently
accurate for large bubbles as they behave as non-rigid oblate ellipsoids. To further
investigate this, chord length distributions were simulated for uniformly sized
bubbles (deq = 5 mm) for non-constant bubble shapes as well as for rigid bubbles
of a dispersed size.
n = 103 random numbers were drawn to represent different aspect ratios or
bubble sizes as outlined below:
1. Rigid oblate bubbles of uniform db,eq with ϕ = 0.5 (constant shape);
2. Rigid oblate bubbles (ϕ = 0.5) with Gaussian distributed bubble equivalent
diameters:
Db,eq = Norm(5,0.5),
3. Uniform bubbles with a uniformly distributed aspect ratio: E = U(0.41,0.59);
4. Uniform bubbles with an arcsinusoidal distributed aspect ratio (ϕ may ex-
hibit an harmonic motion): E = Arcsine(0.43,0.57);
5. Uniform bubbles with a Gaussian distributed aspect ratio: E = Norm(0.5,0.05),
and
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Figure 5.16: Modeled chord length distribution for oblate bubbles of various size
and aspect ratio distributions.
6. Both normally distributed aspect ratios and bubble equivalent diameters:
Db,eq = Norm(5,0.5) and E = Norm(0.5,0.05)
where E, D denote the distributions of aspect ratio ϕ and the bubble equivalent
diameter db,eq respectively. The variance in E (No. 3-5) was kept constant.
Then, for each bubble shape in E (No. 1,3-5) or size in Db,eq (No. 2), two large
sets of random numbers (for the two horizontal directions Rx, Ry) proportional to
the horizontal diameter (a2i ) were drawn from a uniform distribution, U(−ai, ai).







for R < ai (A5.10)
where R =
√
R2x +R2y. ai, bi are calculated using db,eq and ϕ = bi/ai, see Eq. (5.6).
Fig. 5.16 shows the simulated probability density function estimates for the
five cases. For uniformly sized rigid bubbles with an aspect ratio of ϕ = 0.5, a
triangular chord length distribution was recovered (black solid line) with a modal
chord length (almost) equal to the maximum chord length [Clark and Turton
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(1988)]. The maximum chord length observed is 3.15 mm, which agrees with
db,eq = 5 mm and E = 0.5, see Eq. (5.6).
The gray solid line shows the simulated chord length histogram for univariate
rigid (geometrically similar, ϕ = 0.5) bubbles in Db,eq of an average diameter db,eq =
5 mm and a Coefficient of Variation of 5% (which is even larger than obtained
experimentally in Chapter 4, see Figs. 4.15, 4.17). Due to the dispersity in the
(vertical) diameter, the right tail of the distribution is elongated, while the sharp
peak at the modal chord length flattened.
For equally sized bubbles with a uniformly distributed aspect ratio in E,
a triangular chord length distribution was observed (dotted line) with a modal
chord length at ≈ 0.8× the maximum chord length. Almost no difference was found
between a uniformly and arcsinusoidal (dash-dotted line) distributed aspect ratio.
For a normally distributed aspect ratio (dashed line), the bubble chord length
histogram approaches a chord length distribution for a normally distributed bub-
ble size distribution, while the bubbles are uniform in terms of volume equivalent
diameter.
The deviation from a triangular chord length distribution, as given by the
solid black line in Fig. 5.16, can be due to both (1) the non-uniformity of the
bubble size; and (2) the non-constant shape in the wobbling regime. It is then
concluded that a chord length distribution cannot be transformed into a bubble
size distribution when bubbles exhibit a non-constant shape.
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The effect of liquid co-flow on gas
fractions, bubble velocities and
chord lengths in bubbly flows -
A-symmetric flow configurations1
This Chapter describes the effects of uniform and non-uniform liquid co-flow
on the bubbly flow in a rectangular column (with two inlets) deliberately aerated
unevenly. The two vertical bubbly streams, comprising uniform bubbles, started
interacting downstream of the trailing edge of a splitter plate. This study quanti-
fies the emergence of buoyancy driven flow patterns as a function of the degree of
a-symmetric gas sparging and (non-)uniform liquid co-flow by using Bubble Im-
age Velocimetry (BIV) and dual-tip Optical Fibre Probes (OFP). Without liquid
co-flow, small differences in the gas fraction of the left and right inlet had a large
effect on the mixing pattern, whereas a liquid co-flow stabilized a homogeneous
flow regime and the flow pattern was less sensitive to gas fraction differences.
Void fractions, bubble velocities and chord lengths were measured at two fixed po-
sition in the flow channel, whereas BIV provided a global overview of the flow
structures. A correlation is developed to predict (a-symmetric) operating condi-
tions for which the gas fraction of the left and right inlet are balanced, such that
the bubble motion is governed by advection and no buoyancy driven flow structures
arise. The data obtained is highly valuable for CFD validation and development
purposes.
1This Chapter is submitted for review to Int. J. Multiphase Flow.
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6.1 Introduction
Besides classic symmetric bubble columns (with or without a liquid co/counter-
current flow), a-symmetric bubble configurations are also widely encountered in
the form of air-lift reactors and photobioreactors. It has been found that depend-
ing on the degree of a-symmetry and the emerging large scale motions, mixing
times in laboratory scale setups are significantly reduced [Alméras et al. (2018);
McClure et al. (2016)] and heat transfer rates increased [Gvozdić, Dung, van Gils,
Bruggert, Alméras, Sun, Lohse and Huisman (2019)].
Scaling-up of bubble columns and aerated vessels requires detailed CFD mod-
elling of the dispersed gas-liquid flow [Becker et al. (1994)]. Most of the available
models work well for homogeneously dispersed bubbly flows and are used with
increasing confidence, but modeling of a-symmetrically (or half) sparged bub-
ble columns has proven to be a real challenge [Huang et al. (2018)]. Therefore,
systematic and accurate experimental data, comprising gas fractions, bubble ve-
locities and sizes and liquid velocities, in a-symmetric bubble column configura-
tions is crucial for CFD validation and development purposes, but it is sparsely
available [De Tournemine and Roig (2010)].
The first experimental analysis of a ”bubbly mixing layer” (the mixing of two
vertical parallel bubbly flows downstream of the trailing edge of a splitter plate)
by Roig et al. (1998) demonstrated that the global behavior of such bubbly flows
is very sensitive to void fraction contrasts. A small initial difference of the void
fraction α (between the left and right inlet) led to a buoyancy driven acceleration
of the bubbly stream with the highest void fraction (and subsequent deceleration
of stream with the low void fraction), and liquid is entrained into the bubble
swarm with the highest void fraction. In just a few cases, they observed a mixing
layer pattern (similar to those reported by Brown and Roshko (1974); Sene et al.
(1994); Winant and Browand (1974)), aligned with and developing downstream of
the splitter plate. No data on the applied superficial gas velocities was available
as the gas fraction was considered as an inlet condition, rather than a result.
In a more recent study by Ayed et al. (2007), millimetre sized oxygen bub-
bles were injected at the low velocity side of a mixing layer only by 576 small
capillaries (∅ 0.33 mm internal diameter), while no bubbles were introduced at
the high velocity side. For this specific single case, the experiments agreed quite
satisfactorily with the prediction of Euler-Euler modelling for liquid velocities,
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gas fraction distribution, turbulent kinetic energy profiles and oxygen concen-
trations. In the same half-sparged test facility, De Tournemine and Roig (2010)
found stable flow patterns characterized by so-called frontiers between the bubbly
streams from the left and right inlets. They only observed such frontiers when
bubbles were injected on the low liquid velocity side (as in Ayed et al. (2007)),
whereas oscillating boundaries occurred for all cases when bubbles were seeded
at the high liquid velocity side.
These previous investigations of bubbly mixing layers [De Tournemine and
Roig (2010); Ning et al. (2009); Roig et al. (1998)], seeded with (polydisperse)
small bubbles and operated at low gas fractions, reported data for a very small
number of cases only at seemingly arbitrary operating conditions. Therefore,
an urgent need exists to build a broader and more accurate database for a-
symmetrically operated bubble columns: how asymmetric gas sparging induces
dynamic buoyancy-driven flow behavior and how uniform and non-uniform liquid
co-flow modifies this. A parametric study then delivers unique and highly valuable
experimental data to serve as a reference for CFD validation in an Euler-Euler
framework. While two parallel bubbly flows (separated by a boundary) develop
in vertical direction, the strength of the buoyancy driven flow structures (e.g.
liquid entrainment rates into a dense bubble swarm) as a function of the degree
of a-symmetry can serve as a very strong benchmark case to calibrate sub-models
for interfacial momentum transfer, two-phase turbulence, and lateral dispersion
of bubbles.
All these sub-models are strong functions of the (local) void fraction and
bubble size (distribution). Therefore, computationally simulating half-sparged
bubble columns as in Ayed et al. (2007); De Tournemine and Roig (2010); Mc-
Clure, Dolton, Barton, Fletcher and Kavanagh (2017); McClure et al. (2016) and
Gvozdić, Dung, Alméras, van Gils, Lohse, Huisman and Sun (2019), axisymmetric
non-uniform aeration in a cylindrical bubble column as in Harteveld et al. (2003),
or symmetric non-uniform sparging in a shallow 2D column as in Harteveld (2005)
is essentially easier when there is only a single bubble size (distribution) present.
Of course, the bubble size depends on the gas flow rate and co-flow velocity, see
Chapters 2 and 4. A-symmetric sparging in a bubble column then imposes differ-
ent bubble sizes for each inlet, unless single bubbles are formed with a constant
diameter at low, constant, gas flow rates in quiescent water as in Alméras et al.
(2018), or in case a different splitter plate design is used as in Ning et al. (2009),
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where the independent control of both inlets was compromised. In the present
case, the gas sparger was designed in such a way, that (in each inlet) uniform
large bubbles were produced, which essentially have constant rise velocities, and
a negligible lift force coefficient, such that lateral dispersion due to size/velocity
differences, is minimized (as explained in Chapter 5, Sec. 5.1) and breakup and
coalescence of bubbles is avoided.
Experiments were carried out in the test setup as described in Chapter 4, Sec.
4.2, where the superficial liquid and gas velocities of both the left and right inlet
compartments can be varied independently. The bubble size db in each inlet can
be calculated using the correlation given in Chapter 4, Sec. 4.4, as a function of
the sectional Usg and Usl.
For this Chapter, the same techniques are used as described in Chapter 5,
Sec. 5.2, viz. Bubble Image Velocimetry (BIV) and dual-tip optical fibre probes
(OFP), where BIV was used to perform analyses of the large scale flow structures,
while the OFPs were used to measure local gas fractions, bubble velocities and
chord lengths at fixed positions. Experiments were designed to cover a wide range
of flow behaviors, such that a comprehensive set of experimental data is obtained.
A model to describe the gas fraction is adopted to predict a-symmetric oper-
ating conditions for which a higher gas flow rate is compensated with a higher
liquid co-flow such that there is no gas fraction difference at sparger level. For
these conditions, where no buoyancy driven flow structures emerge and the bub-
ble motion is governed by advection, bubbly mixing layer patterns occur. Also,
operating conditions are identified for which there are, in addition to an equal
gas fraction at left and right inlet, (almost) equal bubble sizes formed in both
inlet sections.
The structure of this Chapter is then as follows. An overview of experimental
parameters and the different flow configuration scenarios is given in Sec. 6.2; Sec.
6.3 shows results on the effect of a uniform liquid co-flow on the flow patterns and
the departure from symmetric operation with increasing degrees of a-symmetric
gas sparging. Sec. 6.4 presents results on the effect of uneven (left and right
inlet) liquid co-flows on flow patterns. Concluding remarks and suggestions for
future work are given in Sec. 6.5.
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6.2 Methods & Parameters
Measurements were carried out in the ”LimBuRig” test facility, which is described
in Chapter 4, Sec. 4.2. Two, initially separated, parallel streams of bubbly flows
with different superficial (gas and liquid) velocities, started interacting down-
stream of the trailing edge of a splitter plate (see Fig. 6.1a). While Chapter
5 showed results for a symmetric operation (uniform Usg and Usl), a-symmetric
bubble column configurations were studied for this Chapter, where the superficial
gas velocities Usg and/or superficial liquid velocities Usl (L)eft and (R)ight were









∆Usg =Usg,R −Usg,L (6.3)
∆Usl =Usl,R −Usl,L (6.4)
where L,R denote the left and right inlet, respectively. The degrees of a-symmetry
in the superficial gas and liquid velocity, λg and λl respectively, were then defined
as the ratio of the superficial gas or liquid velocity difference (between left and









The mean superficial gas velocity ⟨Usg⟩ was kept at a value of 1.25 cm/s
(unless otherwise mentioned), while λg was varied between -1 and 1. Therefore,
the superficial gas velocity of each inlet (L,R) was in the range 0.63-1.88 cm/s,
which is in the regime where bubbles are formed individually with a very uniform
bubble size, see Figs. 4.15, 4.17 in Chapter 4. The mean superficial liquid velocity
⟨Usl⟩ was varied between 0-0.2 m/s. The degree of a-symmetry of the liquid co-
flow λl was varied between 0, -1, and -2, the latter indicating no liquid flow at
the right inlet and Usl,L = 2⟨Usl⟩.
Chapter 4 shows more details on the design of the test facility (Sec. 4.2), and
correlations to describe the bubble diameter db (Sec. 4.4) and overall gas hold-up
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(Sec. 4.5) as a function of the superficial liquid and gas velocities. Local gas
fractions, bubble velocities and chord lengths for uniform gas sparging and liquid
co-flow were reported in Chapter 5 for superficial gas velocities in the range 0.63-
6.25 cm/s and liquid velocities up to 0.2 m/s. Since it was found that Bubble
Image Velocimetry can only be applied for low to moderate void fractions, the
data shown in this Chapter are limited to relatively low ⟨Usg⟩, such that the
assumption of a 2D flow pattern is plausible.
Exploratory bubble streak line experiments were performed in order to inves-
tigate the various types of flow patterns as a function of ⟨Usl⟩, and the degrees of
a-symmetry λg and λl. Bubble streaklines were captured (Jai Go 2400M camera,
Kowa LMVZ166HC 16-64 mm varifocal lens) for various operating conditions us-
ing a focal length of ≈ 25 mm f/5.4 and an exposure time of 1/10 s and shown
in Figs. 6.2, 6.9. It was found that the bubble velocities at a height of ≈ 50
cm above the trailing edge of the splitter plate show mostly uni-directional flow
behavior. Chapter 5 showed that at the gas fraction and bubble velocities at
x = ±15 cm are very much representative for the bulk of the bubble column (see
Figs. 5.6, 5.9), where x is the horizontal coordinate, with x = 0 being the center
of the column (see Fig. 6.1b). So here, the dual-tip optical fibre probes were kept
at fixed positions of y =63 cm above the trailing edge of the splitter plate (80 cm
above the gas sparger level) and 5 cm from the column side walls (x = ±15 cm)
and measurements were taken for a duration of 300 s.
A Bubble Image Velocimetry (BIV) technique, as explained in Chapter 5, Sec.
5.2, was adopted to calculate bubble parcel velocities and to quantify global flow
structures. For this Chapter, images were captured of the bubble column for
10 s at a rate of 120 Hz and a spatial resolution of ≈ 0.7 mm/pix. The size of
an interrogation window was reduced to 32×32 pixels to obtain a higher spatial
resolution to better capture high gradients in the high shear regions. Fig. 6.1b
shows a vector plot of the (5/120 s average) bubble parcel velocity as calculated
using BIV for the case shown in Fig. 6.1a.




2 + vb,y2 (6.7)
and bubble traces were obtained by integrating the mean bubble parcel velocities.
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Figure 6.1: (a) Raw image corrected for lens distortion. (b) Bubble parcel velocity
vectors as calculated using Bubble Image Velocimetry (see Chapter 5, Sec. 5.2).
Reference vector (1 m/s) given on the right. Average of 5 image pairs, ≈40 ms.
⟨Usg⟩ = 1.25 cm/s; λg = 1; ⟨Usl⟩ = 0.1 m/s; and λl = −2 and note the initially high
velocities at the left inlet.
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Table 6.1: Experimental conditions for the bubble streak photographs (Usg = 1.17
cm/s) in Figs. 6.2, 6.9 and settings for the BIV and OFP measurements (Usg = 1.25
cm/s). OPF’s located at x = −15 and x = 15 cm at a height of y = 63 cm above
the trailing edge of the splitter plate. The values for λg between brackets are extra
cases (for λl = −1,−2 respectively) where the gas fraction of the left and right inlet




0, 0.1, 0.2 0 0, ± 0.75
0.1 -0.5, -1, -2 0, ± 0.75
BIV and OFP
0 0 0, ± 0.02, 0.04, 0.06, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1
0.1, 0.2 0 0, ± 0.04, 0.1, 0.2, 0.3, 0.5, 0.7, 1
0.1, -1, -2 0, ± 0.1, 0.2, 0.3, 0.5, 0.7, 1, (-0.34, -0.68)
0.2, -1, -2 0, ± 0.1, 0.2, 0.3, 0.5, 0.7, 1
The root-mean-square bubble velocity fluctuations were calculated according
to: √
v′2b,x + v′2b,y (6.8)
where v′b,i is the instantaneous velocity fluctuation (i = x, y).
6.3 Uniform liquid co-flow at a-symmetric air
sparging
6.3.1 The boundary layer between the two bubbly streams
Fig. 6.2 shows the influence of a uniform liquid co-flow on the flow patterns
inside the column. The middle column (λg = 0) shows bubble streaks for uniform
aeration with increasing liquid co-flow from the top to the bottom, where ⟨Usl⟩ = 0
m/s (top); ⟨Usl⟩ = 0.1 m/s (middle); and ⟨Usl⟩ = 0.2 m/s (bottom row).
The left (λg = −0.75) and right (λg = 0.75) columns of Fig. 6.2, with their
a-symmetric air sparging, show strong buoyancy driven flow structures at the side
with the highest gas fraction (which shows up lighter). The developing boundary
between the two bubbly flows of different densities is clearly visible.
In the absence of a liquid co-flow (top row), the liquid carried upwards in
the buoyant plume returns on the other side, thereby creating highly unsteady
recirculation vortices. The buoyant plume accelerated with increasing height and
deflected from the column wall at a height of ≈ 1 m above the edge of the splitter
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plate, whereafter the plane shear layer disappeared by disintegrating into a 3D
chaotic turmoil.
A liquid co-flow was found to organize the vortical structures, thereby pre-
serving a quasi-2D shear layer. At a liquid co-flow of 0.1 m/s (middle row),
a somewhat more organized vortex appeared higher in the column, while a re-
circulatory flow was not observed for ⟨Usl⟩ =0.2 m/s (bottom row). Also, the
fluctuations of the boundary dampened with increasing liquid co-flow, while the
”angle of departure”, the development of the lateral position of the boundary,
became smaller with increasing co-flow velocity.
In all three rows of Fig. 6.2, the flow fields for λg = −0.75 and λg = 0.75 are
each other’s reflection.
6.3.2 Global Flow Patterns
Fig. 6.3 shows contour plots of the mean (10s) bubble velocity magnitude ob-
tained by means of BIV. The (uniform) superficial liquid velocity is ⟨Usl⟩ = 0
(top); 0.1 (middle); and 0.2 m/s (bottom rows), while the degree of a-symmetric
gas sparging is λg = -1 (left); λg = 0 (center); and λg = 1 (right).
The middle columns show almost uniform bubble velocities (Fig. 6.3b,e,h)
and velocity fluctuations (Fig. 6.4b,e,h), where the bubble velocities increase with
increasing liquid co-flow velocity (top to bottom), while the velocity fluctuations
decrease with increasing ⟨Usl⟩, which confirms the calming effect of a liquid co-
flow as shown in Chapter 5.
Some small gradients of ∣vb∣ are visible even when, without liquid co-flow, the
aeration rates left and right were set equal (see Fig. 6.3b). The bubbles from
the left inlet accelerated slightly due to a very small inequality of the superficial
gas flow rates at the left and right side of the splitter plate (due to the accuracy
rating of the Mass Flow Controllers and a slightly off-centered splitter plate, see
Chapter 4, Sec. 4.6). A liquid co-flow then had an equalizing effect on the flow,
see Fig. 6.4b,e,h, and the flow behavior is less sensitive to small variations in λg.
The left and right columns in Figs. 6.3, 6.4 show velocity magnitude contours
and bubble traces (Fig. 6.3) and velocity fluctuations (Fig. 6.4) for unevenly
sparged configurations (λg= -1 for the left and λg= 1 for the right columns re-
spectively).
In all 3 rows of Figs. 6.3 and 6.4, the flow structures for λg = -1 and 1 are
very symmetric around x = 0. For all cases with uneven gas sparging, a buoyancy
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driven flow pattern emerged, where the bubbles migrated horizontally to the
side with the highest gas fraction and accelerated in vertical direction. Without
liquid co-flow, see Fig. 6.3a, c, bubbles were moving downwards at the side of
the lowest gas fraction, indicating a strong liquid recirculation loop as a result of
liquid entrainment in the buoyant plume and mass conservation.
With increasing liquid co-flow rates, bubbles migrated horizontally to a lesser
extent, hence, the developing boundary remained more centered in the column
and a bubble recirculation loop did not emerge in the field of view up to y = 1.2
m.
The organizing effect of a liquid co-flow on the flow pattern is evident from the
velocity fluctuation contours shown in Fig. 6.4. Without liquid co-flow and non-
uniform gas sparging, (Fig. 6.4a,c), very strong fluctuations were found in the top
corners of the column. As the velocity gradients increased with height, the bubble
plume detached from the column wall at y ≈ 1 m, and the 2-D plane shear layer
disintegrated into chaotic 3-D swirling structures. Similar behavior was observed
by Alméras et al. (2018), where an inhomogeneously sparged rectangular bubble
column was operated in a regime with a planar (2D) recirculation vortex at small
gas volume fraction differences: ∆α/⟨α⟩ < 0.4.
A uniform liquid co-flow controlled the development of the boundary, orga-
nized the flow patterns and a 2-D plane shear layer was preserved. Due to the high
gradients of α at the boundary, some organized vortex-roll up occurred between
the high and low α layer (see left and right column of Fig. 6.2), which explains
the developing contours (width and intensity) of the velocity fluctuations at the
location of the boundary.
6.3.3 Local flow measurements
6.3.3.1 Gas fraction
Fig. 6.5 shows the development of the gas fraction α at y = 63 cm and x = −15
cm and x =15 cm as a function of the degree of a-symmetric gas sparging λg
for ⟨Usl⟩ = 0 (open markers); 0.1 (grey markers) and 0.2 m/s (black markers).
For each λg, the measurement at x = −15 (◁) and x = +15 cm (▷) were taken
simultaneously for a duration of 300 s.
The highest gas fraction was obtained at the side with the highest superficial
gas velocity; on the left side when λg < 0 and on the right side when λg > 0. The
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markers on the left (at λg = −1), correspond to the cases shown in the left column
of Figs. 6.3,6.4, whereas the markers on the right (λg = 1) resemble the cases as
shown in the right columns of Figs. 6.3,6.4. Therefore, the evolution of α (at the
measurement locations) with respect to λg is almost symmetric in λg = 0.
For ⟨Usl⟩ = 0 (open markers), the line of symmetry (where the gas fractions at
x =-15, ◁, and x = +15 cm, ▷, are equal), is found slightly right of λg = 0. This
agrees well with the earlier observation (Chapter 4) that the calibration of the
mass flow controllers is slightly different (yet still within the specifications), as
symmetry was obtained when λg ≈0.02. A liquid co-flow then mitigated the effect
of a slight imbalance between both superficial gas velocities (Left/Right) as the
curves for ⟨Usl⟩ = 0.1 and 0.2 m/s seem to be very symmetric around λg = 0.
For ⟨Usl⟩ = 0.2 m/s (black markers), the two gas fractions vary almost linearly
with λg in the whole range λg = −1...1, whereas for ⟨Usl⟩ = 0 m/s, α was very
sensitive to λg in the range -0.3...0.3, followed by a plateau for ∣λg ∣ >0.4. As
the width of the bubble plume decreases with increasing λg and y, the (average)
boundary surpasses x = ±15 cm (see Fig. 6.3a,c), such that the optical probes at
the high Usg side also encountered bubbles originated at the low Usg side. Hence,
the gas fraction as a function of λg leveled off at high ∣λg ∣ as the void fraction
maximum emerged closer to the column side walls.
Without liquid co-flow, a steep gradient of α with respect to λg was found
close to λg = 0, indicating that the overall flow behavior is very sensitive to small
differences of the superficial gas velocities between the left and right inlet and
strong buoyancy driven flow structures emerged. Without liquid co-low, the steep
gradient of α around λg = 0 indicates that the inertia of the liquid flow improves
the stability of the flow (less influence of buoyancy on the flow structures) and a
parallel development of unidirectional bubbly flow appeared.
6.3.3.2 Bubble velocities and parcel velocities
Fig. 6.6 shows the mean bubble velocity vb as measured with the dual-tip optical
fibre probes (a) and parcel velocities as obtained by using BIV (b) as a function of
the degree of a-symmetric gas sparging λg for ⟨Usl⟩ = 0 (open markers); 0.1 (grey
markers) and 0.2 m/s (black markers). The optical fibre probe measurements at
x = −15 (◁) and x = +15 cm (▷) were taken simultaneously (300 s average), while
the bubble parcel velocities (10 s average) at y = 63 cm were linearly interpolated
at x = ±15 cm.
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Figure 6.5: The void fraction α at x = ±15 cm and y = 63 cm as a function of the
degree of asymmetry λg. ⟨Usg⟩=1.25 cm/s.
In general, good agreement was observed between the bubble (parcel) veloc-
ities as obtained by both methods. In line with Chapter 5, both methods agree
very well at intermediate bubble velocities (20 < vb < 40 cm/s), whereas BIV re-
sults in velocities up to 15% higher for vb > 60 cm/s. As the Optical Fibre Probes
are centered between the front and rear wall, while the depth of view of the
camera covered the whole depth of the column, this discrepancy can be ascribed
due to 3D effects as the BIV results may be biased to the flow in the vicinity of
the front column wall (especially for higher α when the transparency decreased).
Gradients of α and vb in the collinear direction (between front and rear wall) may
compromise the comparability of both methods and further (numerical) research
is required to study the validity of a 2D (x, y) flow assumption.
Due to the configuration of the bubble probes, small (and negative) bubble
velocities could not be measured. Bubble velocity measurements using the optical
probe for the set for Usl = 0 m/s (Fig. 6.6a) were ignored when insufficient valid
bubble velocity measurements were obtained.
Without liquid co-flow, the bubble velocity (in Fig. 6.6) is hugely sensitive to
a small degree of a-symmetric gas sparging, even more strongly than alpha (in
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(a) Optical Fibre Probes













(b) Bubble Image Velocimetry
Figure 6.6: vb at x = ±15 cm and y = 63 cm as a function of the degree of asym-
metry λg. Left: Optical fibre probe; Right: Bubble Image Velocimetry. ⟨Usg⟩=1.25
cm/s;
Fig. 6.5). Also from the development of vb as a function of λg, it can be seen that
the line of symmetry is slightly to the right of λg = 0 due to a slight imbalance of
the Mass Flow Controller calibrations.
With increasing ⟨Usl⟩, the measured velocities at the two monitoring points in
Fig. 6.6 deviated to a lesser degree from the more homogeneous flow conditions
at λg = 0, as already shown in Fig. 6.3, while they are less sensitive to small
variations in λg. This is due the reduction of the occurrence of (fluctuating)
recirculation loops.
Fig. 6.7 shows the standard deviation of the bubble velocity Stdev(vb) as
measured with the dual-tip optical fibre probes (a) and parcel velocities as ob-
tained by using BIV (b) as a function of the degree of a-symmetric gas sparging
λg for the same cases as outlined in Fig. 6.6. Similar to the development of α
(Fig. 6.5) and vb (Fig. 6.6) as a function of λg, also the evolution of Stdev(vb) is
very symmetric with respect to λg = 0.
The standard deviations obtained from the BIV method (b) show a more irreg-
ular behavior than those obtained by the optical fibre probes (a) as the sampling
period of the BIV is 10 s, compared to the 300 s duration of the bubble probe
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(a) Optical Fibre Probes























(b) Bubble Image Velocimetry
Figure 6.7: Stdev(vb) at x = ±15 cm and y = 63 cm as a function of the degree of
asymmetry λg. ⟨Usg⟩=1.25 cm/s;
data acquistion. Due to the high velocity gradients and strong flow instabilities
for Usl = 0 m/s and large ∣λg ∣, a measurement duration of 10 s is insufficient to
obtain accurate of the parcel velocity statistics.
The observed trends in Stdev(vb) as captured by both methods are rather
similar, although the velocity fluctuations measured by the optical fibre probes
are ≈ 3 cm/s higher than those obtained using BIV. This difference is ascribed
to the wobbling behavior of the bubble interfaces (see also Chapter 5), hence,
the velocity fluctuations as measured by the OFP’s are somewhat over-estimated
with respect to the velocity of bubble parcels.
6.3.3.3 Bubble chord lengths
Fig. 6.8 shows the mean chord length c at x = ±15 cm and y = 63 cm as a function
of the degree of a-symmetric gas sparging λg for the same cases as outlined in
Figs. 6.5,6.6,6.7. Bubbles were formed separately (one-by-one) and, for each of
the inlets (L,R), a very uniform bubble size can be assumed for cases with a low
Usg as studied in this Chapter, see Chapter 4, Figs. 4.15, 4.17.
As, however, the bubble size formed in each of the inlet sections (L,R) depends
on the applied Usg and Usl, an overall bi-modal bubble size distribution was
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Figure 6.8: c at x = ±15 cm and y = 63 cm as a function of the degree of asymmetry
λg. ⟨Usg⟩=1.25 cm/s.
created when ∣λg ∣ > 0, where the larger bubbles were formed in the stream with
the highest Usg.
Mean bubble chord lengths were measured in the range 1.9-2.4 mm for ⟨Usl⟩ =
0.1 − 0.2 m/s, where the difference of c between x =-15 and x =15 cm decreased
with increasing ⟨Usl⟩. For ⟨Usl⟩ = 0 m/s, no data could be obtained when the
bubble velocities were not upwards or not vertically aligned with the probes.
Bubble chord lengths were found in the range 2.1-2.6 mm for the side with the
highest aeration rate (x = −15 cm when λg < 0 and and x = 15 cm when λg > 0).
6.4 Non-uniform liquid co-flow at a-symmetric
air sparging
6.4.1 The boundary layer between the two bubbly streams
Fig. 6.9 shows, in addition to the effect of a-symmetic gas sparging as in Fig. 6.2,
also the influence of an a-symmetric liquid co-flow on the flow patterns inside the
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column.
The middle column (λg = 0) shows bubble streaks for uniform aeration. While
the mean liquid co-flow velocity ⟨Usl⟩, see Eq. (6.2) was kept at 0.1 m/s, the
difference of liquid co-flow between the left and right inlet increases from the
top to the bottom row of Fig. 6.9. The degree of a-symmetry for the liquid
co-flow (λl) is varied between -0.5 (top); -1 (middle); and -2 (bottom row), with
the left side inlet having the highest liquid co-flow velocity and ∆Usl < 0, see
Eq. (6.4). Therefore, all λl values are negative in the presented configurations.
For the bottom case, where λl = −2, there is no liquid flow at the right inlet
(Usl,R=0), while Usl,L = 0.2 m/s. As the bubbly flow on the left has the lowest
gas fraction (due to the higher Usl), the boundary develops to the right side due
to the buoyancy driven acceleration of the stream with the highest gas fraction.
For the left column, where λg = −0.75 (high gas flow left), the boundary
evolved to the center (from the top case to the bottom case) as the gas fraction
difference decreased from the top row to the bottom row of the figure, hence, less-
to-none buoyancy-driven flow patterns were caused for λg = −0.75 and λl = −2 at
⟨Usl⟩ = 0.1 m/s.
Very unstable boundaries were observed for the cases shown in the right col-
umn of Fig. 6.9, where the highest gas fraction is at the low liquid velocity side.
The boundary consistently gravitated towards the side with the highest gas frac-
tion and significantly larger angles of departure were observed compared to the
other cases shown in Figs. 6.2, 6.9. A Kelvin-Helmholtz type of flow instability
seemed to occur only in extreme cases and a clear visible vortex roll-up was visible
in the bubble streaks for λg = 0.75 and λl =-2.
Fig. 6.10 shows photographs (1/400 s) of the bubble column for a which a
repeating vortex roll-up flow pattern was observed (⟨Usg⟩=1.25 cm/s; λg = 0.70;
⟨Usl⟩=0.1 m/s; and λl =-2). The time between each photograph is 0.5 s. As
evident from the bubble streaks shown in Fig. 6.9, this large vortex roll-up only
occurs for very specific conditions.
The frequency of vortex formation and movement of the vortex core is clearly
visible and the period is estimated at ≈1.5 s.
Exploratory experiments reveal that this frequency depends on λg and λl, but
more experiments are required for extended periods of time to obtain a sufficient
resolution in the frequency domain (when calculating a fast Fourier Transform
of the boundary location or bubble density at a monitoring location). As the
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t = 0s t = 0.5s t = 1.0s t = 1.5s t = 2.0s t = 2.5s
Figure 6.10: Photographs of a vortex roll-up phenomenon. The time between
each frame is 0.5 s. Usg,L= 0.81 cm/s; Usg,R= 1.69 cm/s; λg = 0.7; Usl,L= 0.2 m/s;
Usl,R= 0 m/s; λl = -2;
bubble detection frequency by the OFPs is low compared to the frequency of the
oscillation as visualized in Fig. 6.10, (spectral) analysis of the phase indicator
function or bubble velocity did not yet yield meaningful results.
An advanced image analysis technique (boundary detection or spectral analy-
sis of the local bubble density) may be useful to construct a regime map of oper-
ating conditions for which this type of organized periodic flow behavior emerges.
6.4.2 Global Flow Patterns
Fig. 6.11 shows contours of the mean bubble velocity magnitude and bubble
traces for λg = -1,0,1 (from left to right) and λl = -1 (top) and -2 (bottom),
whereas Fig. 6.12 shows contours of the fluctuating velocity in a similar arrange-
ment. The mean superficial liquid velocity ⟨Usl⟩ = 0.1 m/s. Hence, the conditions
are comparable to those of which the bubble streaks are given in the second and
third row of Fig. 6.9. Figs. 6.13,6.14 are similar to Figs. 6.11 and 6.12, but
for ⟨Usl⟩ = 0.2 m/s. Due to the difference of the liquid co-flow velocity between
both inlets (the left inlet having the highest Usl for all cases shown), flow patterns
corresponding to λg = -1 and 1 are no longer symmetric.
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-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
(a) (b) (c)
(d) (e) (f)
Figure 6.11: Bubble traces and velocity magnitude contours. ⟨Usg⟩ =1.25 cm/s;
from left to right: more gas flow left (λg = −1), even distribution (λg = 0), more gas
flow right (λg = 1). ⟨Usl⟩ =0.1 m/s; upper row: more liquid co-flow left (λl = −1);
lower row: all liquid co-flow left (λl = −2); see Fig. 6.3d-f for uniform co-flow
(λl = 0). 178
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0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
(a) (b) (c)
(d) (e) (f)
Figure 6.12: Contour plots of the RMS velocity. ⟨Usg⟩ =1.25 cm/s; from left to
right: more gas flow left (λg = −1), even distribution (λg = 0), more gas flow right
(λg = 1). ⟨Usl⟩ =0.1 m/s; upper row: more liquid co-flow left (λl = −1); lower row:
all liquid co-flow left (λl = −2); see Fig. 6.4d-f for uniform co-flow (λl = 0).
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-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
(a) (b) (c)
(d) (e) (f)
Figure 6.13: Bubble traces and velocity magnitude contours. ⟨Usg⟩ =1.25 cm/s;
from left to right: more gas flow left (λg = −1), even distribution (λg = 0), more gas
flow right (λg = 1). ⟨Usl⟩ =0.2 m/s; upper row: more liquid co-flow left (λl = −1);
lower row: all liquid co-flow left (λl = −2); see Fig. 6.3g-i for uniform co-flow
(λl = 0). 180
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0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
(a) (b) (c)
(d) (e) (f)
Figure 6.14: Contour plots of the RMS velocity. ⟨Usg⟩ =1.25 cm/s; from left to
right: more gas flow left (λg = −1), even distribution (λg = 0), more gas flow right
(λg = 1). ⟨Usl⟩ =0.2 m/s; upper row: more liquid co-flow left (λl = −1); lower row:
all liquid co-flow left (λl = −2); see Fig. 6.4g-i for uniform co-flow (λl = 0).
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For all cases, the fluid at the side of the highest gas fraction (appears lighter
in Fig. 6.9) accelerated while entraining fluid from the trans-boundary side. If
the liquid co-flow velocity is then insufficiently high, global bubble recirculation
vortices appeared as presented in the top regions (blue) of Fig. 6.12a,c,d, while
no downward moving bubbles were observed when ⟨Usl⟩ = 0.2 m/s (Fig. 6.13).
As noticeable from the structures in the contours of the velocity fluctuations,
Figs. 6.12,6.14, a liquid co-flow has an organizing effect on the flow pattern.
As a liquid co-flow strongly contributed to the momentum flux, emerging
buoyancy driven flow structures are more organized, and a 2D flow behavior is
sustained for a wider range of λg and stream wise locations y.
Vortex roll-up was observed for various conditions at different positions and
at different scales. De Tournemine and Roig (2010) (half-sparged configuration)
reported oscillating boundaries when bubbles were injected at the high liquid ve-
locity side at the inlet (λgλl > 0). This agrees well with the experiments depicted
in Figs. 6.13a and 6.14a (where vortex roll-up occurred at the boundary), but
to a lesser extent in Figs. 6.11a and 6.12a where the liquid co-flow velocity was
lower. In the latter case, a global flow pattern emerged due to a larger influence
of buoyancy difference driven flow pattern. At the opposite end of the spectrum
when λgλl < 0, (higher Usg at the low Usl side as in Fig. 6.9 for λg = 0.75 and
λl = −2, Figs. 6.11f and 6.13f), also unstable boundaries were observed. Large
buoyancy driven vortex roll-up structures (of a size significantly larger than 10×
the bubble diameter) were created as shown in Fig. 6.10, whereas De Tournemine
and Roig (2010) reported steady boundaries in this operating regime. This may
be due to the lower Usl, higher α and larger bubbles in the present case, which
may trigger flow instabilities.
Only in specific cases, when the void fraction of both the left and right stream
were (exactly) equal, no buoyancy driven flow structures were formed and a mix-
ing layer type of flow pattern was then observed. Fig. 6.13d shows a case where
there is almost no buoyancy driven global flow pattern. While the boundary was
hardly detectable (no void fraction difference, which behavior is similar to the
case shown in Fig. 6.9 for λg = −0.75 and λl = −2), bubble velocities were very
much unidirectional (by inspection of bubble streaks), and the boundary location
remained centered. Also, the initial velocities of the left and right inlets, were
preserved for a large range of y (almost no color gradient in vertical direction in
the vicinity of the left and right column wall). The contours of the corresponding
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velocity fluctuations (Fig. 6.14d) show a very symmetric growth pattern around
x = 0, which indicates that the width of the shear layer increased with height and
developed aligned with the splitter plate and a mixing-layer type of flow pattern
(see Brown and Roshko (1974)) was recovered.
As buoyancy differences were (almost) absent, a liquid-shear driven vortex
roll-ups occurred in the center of the bubble column for this specific case, which
was found to have smaller structures than the buoyancy-driven vortex roll-up
structures.
6.4.3 Local flow measurements
6.4.3.1 Gas fraction
Fig. 6.15 shows the development of α at x = ±15 cm and y = 63 cm as a function
of λg for λl = 0 (white markers), -1 (grey markers) and -2 (black markers) and for
(a) ⟨Usl⟩ = 0.1 and (b) 0.2 m/s. For the sake of comparison, the white markers in
Fig. 6.15a and 6.15b show the same results as the grey and black markers in Fig.
6.5 respectively. The triangles pointing right (▷) denote measurements taken at
x = 15 cm, while the left pointing triangles (◁) represent measurements taken at
x = −15 cm.
While the open markers λl = 0 exhibit a symmetric pattern around λg ≈ 0,
where the highest gas fraction was measured at the side of the highest aeration
rate (left if λg < 0 and vice versa), symmetry around λg = 0 was lost for λl ≠ 0.
In extreme cases, for ⟨Usl⟩ = 0.2, λl = −2 and λg ≥ 0, see Fig. 6.15b and
Figs. 6.13e,f, the boundary drifted to the right side in a very strong manner.
As the width of the bubble plume became less than or equal to 5 cm, the OFP
at x =15 cm was no longer located solely in the bubble swarm originating from
the right inlet, but in the centre of the highly unstable boundary, (where vortex
roll-up occurred, see Figs. 6.14e,f). As the bubble plume became thinner with
decreasing λl and increasing λg, the probe at x = 15 cm increasingly dwelled in
the trans-boundary side (the bubble swarm originating from the left inlet with a
low gas fraction), hence, the gas fraction measured at x = 15 cm (black triangles)
no longer increased with increasing λg.
Due to an uneven liquid co-flow, the highest gas fraction is not necessarily
found at the side of the highest aeration rate. A co-flow affects the (overall) gas
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fraction according to a correlation developed in Chapter 4, Sec. 4.5, which is here
adopted as:
α = Usg
Usg +Usl + ξUt
(6.9)
with Ut the terminal rise velocity of an isolated bubble (≈ 24 cm/s) and ξ = H0/βUt ≈
0.82, see Eq. (4.24). An initial (y = 0) gas fraction difference was thus created
for most cases when λg ≠ 0 (Usg,L ≠ Usg,R) and/or λl ≠ 0 (Usl,L ≠ Usl,R), thereby
inducing a competition between buoyancy driven and advection governed flow
structures.
A high liquid co-flow (left) resulted in an initially fast rising bubble swarm
(also left), which then, dependent on the initial gas fractions of both streams,
might accelerate (Figs. 6.11a,d and 6.13a) or decelerate (Figs. 6.11b,c,e,f and
6.13b,c,e,f) after the trailing edge of the splitter plate. In the latter cases, with an
even aeration (Figs. 6.11b,e, 6.13b,e) and with a higher aeration rate right (Figs.
6.11c,f, 6.13c,f), a fast liquid co-flow left (with a lower gas fraction) broadened
and decelerated due to entrainment of liquid into the bubbly flow right, leaving
just a narrow zone with a higher gas fraction at the far right.
Under specific circumstances (see Fig. 6.13d and black markers in Fig. 6.15b
at λg = −1) all bubbles rise more or less rectilinearly because the gas fractions left
and right are more or less equal.
By invoking Eq. (6.9), along with Eqs. (6.5) and (6.6) for λg and λl, respec-
tively, the condition
αL = αR (6.10)
can be converted into
λg = λl
1
1 + ξ Ut
⟨Usl⟩
(6.11)
showing how for a specific value of ⟨Usl⟩ non-uniformities in aeration rate and
liquid co-flow may neutralize each other and result in a quasi-uniform flow be-
havior.
As Chapter 5, Fig. 5.7 showed that α developed with respect to the height
in the column (for uniform gas sparging), it cannot be assumed that Eqs. (6.10)-
(6.11), with ξ = 0.82, work properly to estimate operating conditions for which
the gas fractions for the left and right inlets at gas sparger level are equal. For
this Chapter, gas fractions were measured at two positions only (at y = 63 cm
and x = ±15 cm), see again Fig. 6.15. Rather than requiring the condition of Eq.
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Figure 6.15: α as a function of the degree of asymmetry λg at x = ±15 cm and
y = 63 cm for λl = 0 (from Fig. 6.5 ),-1 and -2. ⟨Usg⟩=1.25 cm/s. The circles show
the interpolated operating condition for which αx=−15 = αx=15.
(6.10) to be imposed at the level of the sparger, this condition is now applied
to the two measuring positions at y = 63 cm. Therefore, operating conditions
for which αx=−15(◁) = αx=15(▷) are interpolated and indicated as circles in Fig.
6.15a,b. It is then assumed that if αx=−15 = αx=15, there is no gas fraction difference
at the inlet (y = 0), and buoyancy driven flow patterns will not develop.
Fitting of the interpolated values of λg to Eq. (6.11) yields ξ = 1.06 ± 0.01,
and Eq. (6.10) with ξ = 1.06 may be used to describe the gas fraction at inlet
conditions. As a higher value of ξ results in a lower estimated gas fraction, this
agrees well with the findings of Chapter 5, where lower gas fractions were found
at a height of 40 cm above the sparger as compared to 80 cm (the sparger is
located at y = −17 cm). This can be explained due to a lesser degree of swarming
behavior in the vicinity of the sparger as the array of bubble trains (of uniform,
separately formed bubbles) is developing in the vicinity of the sparger and did
not mix up to a height of at least 5 cm above the needle outlets (dependent on
Usg and Usl). More experiments are required to study a-symmetric operating
conditions for which the (initial) gas fractions at both inlets are exactly equal.
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(a) OFP; ⟨Usl⟩ = 0.1 m/s












(b) BIV; ⟨Usl⟩ = 0.1 m/s











(c) OFP; ⟨Usl⟩ = 0.2 m/s











(d) BIV; ⟨Usl⟩ = 0.2 m/s
Figure 6.16: vb as a function of the degree of asymmetry λg at x = ±15 cm and
y = 63 cm for λl = 0,-1 and -2. Top: ⟨Usl⟩ = 0.1; and bottom: 0.2 m/s. Left: Optical
fibre probe; Right: Bubble Image Velocimetry. ⟨Usg⟩=1.25 cm/s.
6.4.3.2 Bubble velocities and parcel velocities
Fig. 6.16 shows bubble velocities as measured by the OFPs (left) and BIV (right)
at x = ±15 cm and y = 63 cm as a function of λg for λl = 0, -1 and -2. The top row
shows results for ⟨Usl⟩ = 0.1 m/s, whereas ⟨Usl⟩ = 0.2 m/s for the bottom row.
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(a) OFP; ⟨Usl⟩ = 0.1 m/s

















(b) BIV; ⟨Usl⟩ = 0.1 m/s

















(c) OFP; ⟨Usl⟩ = 0.2 m/s

















(d) BIV; ⟨Usl⟩ = 0.2 m/s
Figure 6.17: Stdev(vb), as a function of the degree of asymmetry λg at x = ±15
cm and y = 63 cm for λl = 0,-1 and -2. Top: ⟨Usl⟩ = 0.1 m/s; bottom: ⟨Usl⟩ = 0.2
m/s. Left: Optical fibre probe; Right: Bubble Image Velocimetry. ⟨Usg⟩=1.25
cm/s.
The development of vb as a function of λg and λl show a similar trend as α
shown in Fig. 6.15. A high gas fraction induces a buoyancy driven acceleration
of the bubble plume, hence mostly a higher vb was measured if the region where
the gas fraction was high.
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Similar curves were obtained from the OPF and BIV method. BIV results in
relatively higher velocities for the regions with a vb and α, which is consistent with
the results obtained in Chapter 5 (see Fig. 5.9) and with Fig. 6.6 in this Chapter.
As the gradients of vb are high in the (fluctuating) boundary region, BIV may not
give a sufficiently accurate statistical average, while also a uni-directionial flow
assumption for the OFP measurements may be invalid. As, due to the current
camera configuration, the whole depth of the column is in focus, a mapping error
may occur when converting position to a coordinate. As the transparency is a
function of the bubble number density, measurements are biased to the flow in
the vicinity of the front wall for high gas fractions, while bubbles at the back wall
of the column (having a different mm/pix) became visible for lower gas fractions.
This may have a considerable effect in regions of high velocity gradients at the
edges of the domain.
Fig. 6.17 shows bubble velocity fluctuations as measured by the OFPs (left)
and parcel velocity fluctuations measured using BIV (right) at x = ±15 cm and
y = 63 cm as a function of λg for λl = 0, -1 and -2. The top row shows results for
⟨Usl⟩ = 0.1 m/s, whereas ⟨Usl⟩ = 0.2 m/s for the bottom row.
Although higher bubble velocity fluctuations are measured by the OFPs, both
methods (OFP and BIV) show similar trends. As OFP measurements were taken
for 300 s, the development of Stdev(vb) is very smooth, whereas a the length of
BIV measurements is limited by the data transfer rate and storage capacity and
less smooth trends were found for the results shown in Fig. 6.17b. However,
a smooth development of Stdev(vb) was recovered when ⟨Usl⟩ was increased to
0.2 m/s (see Fig. 6.17d), as a stronger co-flow more clearly determined flow
structures and a shorter BIV acquisition time is adequate.
For all cases, strong velocity fluctuations were measured at x = 15 cm (▷) for
λg > 0. As the boundary (strongly) developed to the right side for λg > 0 (and
λl < 0), the OFP at x = 15 cm measured in the close vicinity of the boundary
and it can be seen that Stdev(vb) increased gradually with an increasing degree
of a-symmetric liquid co-flow, λl. As concluded from the gradual trends in Fig.
6.17, no sharp operating regime transition exists between a flow pattern with a
steady or unsteady boundary.
For λg < 0, Stdev(vb) converges to a situation with similar root mean square
velocity fluctuations as under homogeneous gas sparging and liquid co-flow. These
operating conditions seem to occur in the proximity for conditions for which Eq.
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Figure 6.18: c as a function of the degree of asymmetry λg at x = ±15 cm and
y = 63 cm for λl = 0, -1 and -2. ⟨Usg⟩=1.25 cm/s. The circular markers show the
predicted chord lengths for operating conditions where db,L = db,R, see Eq. (6.12).
(6.10) is valid, e.g. the left and right inlet gas fractions are almost equal and the
boundary remains centered and a mixing layer configuration is restored.
6.4.3.3 Bubble chord lengths
Fig. 6.18 shows the mean chord lengths c at x = ±15 cm and y = 63 cm as a
function of λg and λl =0, -1, -2 for (a) ⟨Usl⟩=0.1 m/s; and (b) ⟨Usl⟩=0.2 m/s. The
white markers show bubble chord length with a uniform liquid co-flow as shown
by the grey and black markers in Fig. 6.8 for Fig. 6.18a and (b) respectively.
The largest bubbles were formed at the inlet with highest Usg and lowest Usl.
Hence, the development of c shows a similar trend as the development of α shown
in Fig. 6.15.
In Fig. 6.18b, ⟨Usl⟩ = 0.2 m/s, the spread of the λl = 0 data is a bit larger
than for the lower ⟨Usl⟩ in Fig. 6.18a, while the data for αx=15 in Figs. 6.18a,b
are very similar. For these specific cases, the inlet conditions for the right inlet
are identical as Usl,R was kept at 0 m/s, while Usl,L = 2⟨Usl⟩.
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Operating conditions were predicted for which
db,L = db,R (6.12)

























Ug,n is the linear needle gas velocity, 4Qg,n/(πd2n), dn the needle diameter (∅ 1.55
mm) and Ul the liquid co-flow velocity.
The values of db at the left and right inlet were calculated using the sectional
(inlet) values for Usg and Usl, and Usg is corrected for the hydrostatic pressure at
gas sparger level (as a function of the overall gas hold-up). Operating conditions
in terms of λg, for which Eq. (6.12) is satisfied, were calculated for ⟨Usg⟩ = 1.25
cm/s, ⟨Usl⟩ = 0.1 and 0.2 m/s and λl = −1,−2. These bubble diameters can be
converted into chord lengths assuming a bubble shape factor of 0.50 (see Eqs.
(5.5)-(5.6)). These chord lengths have been inserted into Fig. 6.18a,b as circular
markers for the various λg values.
The chord lengths calculated from Eqs. (6.12) and (6.13) agree rather well
with the intersection points (in Figs. 6.18a,b) of the lines through the experi-
mental data. This agreement is also found in Fig. 6.18b, where the lines for the
λl = −2 data (black markers) cross (outside the plot) at λg = −1.25, which is also
the value found from Eqs. (6.12) and (6.13).
Most calculated chord lengths were slightly smaller than the measured chord
lengths. This can be explained by (1) an assumed aspect ratio of 0.50 may be too
small; (2) some uncertainty of db as predicted by Eq. (6.13); and (3) the bubble
probes may be biased to larger chord lengths as bubbles pierced at the edge of a
bubble are more likely to suffer from drifting.
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6.4.4 An operating map
Fig. 6.19 summarizes the operating conditions of the experiments with an a-
symmetric liquid co-flow as presented in this Section 6.4. The horizontal axis
shows the superficial gas velocity and the vertical axis denotes the superficial
liquid velocity. A triangle pointing left ◁ denotes the sectional inlet conditions
of the left inlet, and a triangle pointing right ▷ stands for the inlet conditions of
the right inlet. The grey triangles show the experiments with λl = −1, whereas
the black triangles denote the experiments with λl = −2. A thin gray/black line,
hereafter operating line, connects the operating conditions of the left and right
inlet for each experimental configuration. As all experiments were carried out
at ⟨Usg⟩ = 1.25 cm/s, the operating lines cross the operating points (1.25; ⟨Usl⟩).
The two sets of radial spokes at (1.25;0.1) and (1.25;0.2) show the broad range of
operating conditions and configurations presented in this Chapter. Note that the
operating points for the right inlet (▸) for ⟨Usl⟩ = 0.1 and ⟨Usl⟩ = 0.2 m/s coincide
at Usl = 0 as Usl,R = 0 when λl = −2. The operating conditions for λl = 0 (see Sec.
6.4) are omitted for clarity, as the operating lines would form horizontal lines
in the range Usg = 0.63...1.88 cm/s through the operating points (⟨Usg⟩; ⟨Usl⟩) =
{(1.25,0); (1.25,0.1); and (1.25,0.2)}.
The gas fractions at the inlet, as a function of the sectional (left or right) Usg
and Usl are calculated according Eq. (6.9) with ξ = 1.06. The iso-contours of
the gas fraction at the inlet is shown by black solid (each interval of 1%) and
dashed lines (each interval of 0.25%) and annotated outside the contour in Fig.
6.19. When an operating line is in parallel with the (solid/dashed black) contour
lines for the void fraction, the void fraction of the left and right inlet is balanced
and Eq. (6.10) is satisfied. For these cases, no buoyancy driven flow structures
emerged and ”bubbly mixing layer” conditions can be predicted. On the contrary,
when the operating lines lines are rather skew, or even more or less normal, to
the isocontours of αL,R, large contrasts of α were imposed at the trailing edge of
the splitter plate and the flow patterns were governed by buoyancy differences.
The colored contour map, with the white dotted isocontours, shows the bubble
size as a function of the sectional Usg and Usl, see Eq. (6.13). Similarly, when the
operating line is parallel to the isocontours of db, bubbles from the left and right
inlet are formed with an equal equivalent diameter (but at a different formation
rate). The conditions for which cx=−15 = cx=15 (then assuming db,x=−15 = db,x=15) do
not necessarily coincide with the conditions for which αx=−15 = αx=15. Therefore,
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regimes in Fig. 6.19 can be identified for which the isocontours of db,L,R and
αL,R are (almost) parallel and operating conditions can be predicted for which
a bubbly mixing layer pattern occurs (without buoyancy difference driven flow
structures). The lines connecting the points (1.88;0.4) and (0.63;0) for the case
⟨Usg⟩ = 1.25 m/s; ⟨Usl⟩ = 0.2 m/s; λg = −1; λl = −2, are very parallel to both the
isocontours of db and αL,R and the flow patterns in these cases approximated a
bubbly mixing configuration, see Fig. 6.13d.
Fig. 6.19 offers an excellent starting-point for (transient) CFD two-fluid simu-
lations of bubbly flows with the view to validate the models for phase interaction
forces, two-phase flow turbulence and lateral bubble dispersion (the latter par-
ticularly due to differences in bubble velocities). First of all, Fig. 6.19 presents
data for gas fraction and bubble size as functions of superficial gas and liquid
velocities under various a-symmetric aeration and (non-)uniform liquid co-flow
conditions. An interesting option would be to simulate various cases on e.g. the
line connecting the points (1.88;0.4) and (0.63;0), to see whether such simulations
would result in flow fields resembling Fig. 6.13d, in spite of different superficial
gas and liquid velocities. Similarly, simulating cases on a line skew to the isocon-
tours of αL,R should show the dynamics of buoyancy driven flow structures. The
varying conditions left and right, leading to either a smooth mixing layer pattern
(as in Fig. 6.13d) or buoyancy driven flow structures, provide a real challenge for
simulations in which the contributions of the three above types of models may
vary.
6.5 Conclusions
An experimental investigation of a-symmetric bubble column configurations was
performed, with uneven gas sparging and with a uniform or a-symmetric liquid
co-flow. Bubble streak lines were captured in order to study the occurrence of
(buoyancy driven) vortex roll-up structures. Bubble Image Velocimetry (BIV),
an image correlation technique to calculate the displacement of parcels of bubbles,
was then used to capture global flow patterns. Dual-tip optical fibre probes (OFP)
were used to measure local void fractions, bubble velocities and chord lengths at
two fixed positions in the column where the bubbles move predominantly up and
aligned with the probe.
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Figure 6.19: Operating map as a function of the sectional Usg and Usl. Contour
plot of db according to the correlation proposed in Chapter 4, Eqs. (6.13) and (4.16).
Dashed white contours are drawn at an interval of 0.2 mm. The black contours
show conditions for which αL = αR and the numbers denote the gas fraction at the
inlet calculated according to Eq. (6.9) with ξ = 1.06. Dashed black lines are drawn
at each 0.25% interval. Grey markers: λl = −1; black markers: λl = −2. The thin
solid grey/black lines connect the operating conditions of the left inlet (◁) to the
operating conditions of the right inlet (▷) for each setting λg,λl, and ⟨Usl⟩.
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The vertical bubble velocity and standard deviation thereof, as measured using
BIV and the OFPs, were compared and generally good agreement was observed
between both methods. Contour plots of the bubble parcel velocity magnitude
and the root-mean-square (RMS) of the its velocity fluctuations were shown for
a wide range of a-symmetric operating conditions.
A thorough analysis of the steep departure from homogeneous bubbly flow
to inhomogeneous bubbly flow as a function of a-symmetric gas sparging is pre-
sented. It was found that a uniform liquid co-flow stabilized a slightly inhomoge-
neously sparged bubble column as the developing flow patterns were less sensitive
to a (small) degree of a-symmetric sparging.
A model for the gas fraction was adopted to describe the gas fraction at the
inlet as a function of both the degree of a-symmetric sparging and the degree
of a-symmetric liquid co-flow. Operating conditions were identified for which
there are no initial gas fraction differences, such that no buoyancy driven flow
structures emerged. In this case, the bubbles move essentially rectilinear due
to advection and a mixing layer pattern (with its development aligned with the
splitter plate) was visible from the contours of the bubble velocity magnitude and
RMS fluctuations. For all other cases, when the gas fraction of the left and right
inlet were not equal, the bubble swarm originating from the inlet with the highest
gas fraction always accelerated as a result of buoyancy differences and triggered
large and unstable flow instabilities.
An operating map was constructed to plot the gas fraction at the inlet and the
bubble diameter as function of the sectional Usg and Usl and to represent all the
experiments carried out with an a-symmetric liquid co-flow. This operating map
can be very useful to identify regimes at which both inlets operate at equal gas
fraction (and equal bubble diameter), such that there is no competition between
buoyancy driven and advection driven flow structures or opposite. For future
reference, operating conditions may be predicted for which mixing layer patterns
occur in order to disentangle the effect of shear generated turbulence and bubble
induced turbulence.
A further experimental analysis may focus on Laser Doppler Velocimetry or
phase-sensitive Hot-Wire Anemometry (when optical access is impeded due to the
high void fraction) to study liquid velocities and turbulence. The bubble (parcel)





In this concluding chapter, the findings of Chapters 2-6 are connected and sum-
marized and recommendations are given for future research opportunities.
7.1 Summary & Conclusions
The aim of the present thesis was to provide experimental data suitable for CFD
validation and development purposes. Therefore, a new rectangular bubble col-
umn, with two square inlets, was designed and constructed in which a-symmetric
bubbly flow configurations, e.g. with un-even gas sparging and/or un-even liquid
co-flow, could be studied. Special care has been taken to generate bubbles of a
maximally controllable size, homogeneously distributed across the column.
Therefore, preparatory experiments were required to study bubble formation
from a single submerged needle, such that the intrinsic of a multi-needle sparger
could be predicted. Bubble formation rates were measured as a function of nee-
dle dimensions, gas flow rates and liquid co-flow velocities, by using high-speed
imaging and the analysis of an acoustic signal measured in the plenum chamber
connected to the needle. Very good agreement was found between both meth-
ods. Bubbling regimes were identified and correlations based on the Bo and Fr
numbers were fitted to describe the transition between the surface tension and
inertia controlled regime, as well as the transition for which Period-2 bubbling
emerged. A new dimensionless ratio PR, the Laplace pressure to Hagen-Poiseulle
pressure ratio, was introduced to differentiate between bubble formation (from a
needle connected to a pressurized chamber) under constant flow, mixed, or con-
stant pressure conditions. It was found that weeping emerged when the value for
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PR exceeded a critical value of ≈4.5.
A liquid co-flow was found to have a calming effect on the bubble formation
process; smaller bubbles were formed at higher rates and no Period-2 bubbling
was observed when a liquid co-flow was applied. A correlation was developed to
describe the non-dimensional bubble diameter (in a regime without coalescence)
as a function of the Bo, Fr numbers and the liquid co-flow velocity to needle gas
velocity ratio.
The development of a bubble train, formed from a single submerged ∅1.55
mm needle, was studied using Laser Doppler Velocimetry. Several gas flow rate
settings were examined and Gaussian liquid velocity profiles were observed for a
large range of axial positions above the needle outlet. The spreading rate of the
bubble plume was found to be almost independent of the gas flow rate. Spectral
analysis of the velocity traces clearly showed the emergence of Period-2 bubbling
for higher gas flow rates. In this regime, where two bubbles form a common wake,
momentum fluxes no longer increased with increasing gas flow rate and some form
of drag reduction may occur.
Data on the bubble formation rates, resulting bubble diameters, and plume
growth rates was then used to design the needle-to-needle distance and needle
dimensions of the multi-needle gas sparger. For each inlet, 14×14 needles were
installed in a square perforated grid and connected to two plenum chambers (each
plenum chamber served 98 needles such that two neighboring nozzles in a grid
are always connected to a different chamber). It was found that small capillaries
were required to increase the pressure drop in order to operate at lower values
of PR and prevent weeping. Bubble formation rates were measured with a high-
speed camera and a microphone connected to a pressurized chamber (with 98
needle outlets) and found to be very uniform, such that for each combination of
superficial gas and liquid velocities, the assumption of a single diameter is valid.
The coefficients in the developed correlation for the bubble diameter required
slight adjustment to account for the inserted capillaries in the multi-needle gas
sparger (smaller PR), which was confirmed by control experiments in the single
needle setup with a similar smaller value of PR.
An attempt to form a bi-modal bubble size distribution, by supplying different
gas flow rates to each chamber, was partially accomplished. A difference up to
15% of the resulting volume equivalent bubble diameters was achieved in the
inertia controlled regime, whereas no significant difference was found close to
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the surface tension regime. Different needle diameters (for each chamber) are
required to increase the ratio of the two modal bubble sizes as the minimum flow
rate to a chamber is limited by the weep point.
The gas hold-up curve was determined using bed-expansion experiments and
neither the initial bed height nor the bubble diameter distribution was found to
have a significant effect. Linear bed-expansions were observed and a drift-flux
model was adopted to derive a model for the overall gas hold-up. Chamber pres-
sure measurements were found to be (1) an excellent indicator of the functioning
of the spargers; and (2) a robust estimator for the overall overall gas fraction by
using an empirical equation for the distributor pressure drop.
Horizontal profiles of gas fractions, bubble velocities and chord lengths were
measured by using dual-tip optical fibre probes for a configuration with uniform
gas sparging and uniform liquid co-flow. Average gas fraction measurements, as
a function of the superficial gas and liquid velocities, agreed very well with the
correlation developed based on bed-expansion experiments. Bubble velocities, as
measured by the optical fibre probes, were compared to bubble parcel velocities
as obtained by an adopted image correlation technique (BIV) and generally, good
agreement was observed for low to moderate gas fractions. A liquid co-flow was
found to reduce horizontal variation of the gas fraction and bubble velocities and
to reduce wake effects of the splitter plate. Mean chord lengths increased with
increasing superficial gas velocities and decreased with increasing superficial liquid
velocity, while the uniqueness of the data is due to the empirical knowledge of the
(uniform) bubble bubble size described by the presently developed correlation.
Bubble shape aspect ratios were determined and found to be very close to 0.5.
It is concluded that a transformation of a chord length distribution to a bubble
size distribution is highly inaccurate for large wobbling bubbles, as effects of a
different aspect ratio or different bubble size cannot be distinguished due to the
fluidity of the bubble shapes.
A parametric study was carried to study a-symmetric bubble configurations
with BIV (to capture global flow patterns) and optical fibre probes (to measure
local gas hold-up, bubble velocities and chord lengths). For all cases, the bubble
swarm originating from the inlet with the highest gas fraction accelerated and in-
duced large and unstable flow structures. The emergence of buoyancy driven flow
structures was investigated and it was found that a uniform liquid co-flow stabi-
lized flow patterns and reduced the steep departure from homogeneous operation.
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The correlation for the gas fraction was adopted to describe the gas fraction at
inlet conditions and an equation, in terms of the degrees of a-symmetric sparging
and liquid co-flow, was developed to describe inlet conditions for which no buoy-
ancy driven flow structures emerge (and a ”mixing layer pattern” was recovered).
An operating map was constructed which identifies regimes at which both inlets
operate at equal gas fraction and bubble diameter, and highly valuable experi-
mental data was obtained to allow further development of models for interfacial
momentum transfer in Euler-Euler CFD simulations, such as swarm behavior and
drag reduction in dense bubble swarms.
7.2 Recommendations & Directions for Future
Work
As the aim of this project was to provide experimental data for validation and
development purposes for Euler-Euler CFD models, the next step is to perform
these simulations and compare the numerical results with the experimental data
in this thesis. On the experimental side, with the experimental facilities developed
and presented in this thesis, many directions for future research can be explored.
For the large scale facility:
 Laser Doppler Velocimetry (LDV) or (phase-sensitive) Hot-Wire Anemom-
etry (HWA) measurements can be performed to obtain velocity profiles of
the mean liquid velocity and turbulent fluctuations.
- The uniformity of the liquid velocity at the inlet (for symmetric operation)
should be scrutinized to assess whether there are side effects of upstream
submerged sparger components, and the inlet might then be redesigned
with a liquid distributor of the same kind as the gas distribution system
(13×13 pipes connected to a common manifold).
- Cases presented in Chapters 5,6 should be repeated for measuring liquid
velocities, which can be compared to the bubble (parcel) velocities to
obtain local slip velocities as a function the local void fraction and gas
flux.
- As a numerous amount of settings can be considered for further investi-
gation, the operating map presented in Fig. 6.19 can be very useful for
designing cases for which a mixing layer pattern occurs. For these cases,
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where no large scale buoyancy driven motion occurs, the effect of bubble
induced and shear induced turbulence may be most clearly unwinded.
 Further research is required to study the dynamic behavior of the bubble
column and how the onset, frequency, and size of the vortex roll-up struc-
tures is triggered by differences of the gas fractions at the inlet. Differential
wall pressure measurements can give valuable experimental data for charac-
terizing (fluctuating) gas fractions and the velocity of large bubble swarms
may be obtained by calculating signal cross-correlations. Oscillating flow
structures can be resolved by using the presented Bubble Image Velocime-
try algorithm (considering higher frame rates, improved illumination and/or
a smaller depth-of-view), while frontier oscillations can be determined by
analyzing the bubble density in time series of bubble streak images.
 Regarding the dual-tip optical fibre probe measurements and data
processing thereof, opportunities for improvement and further development
may be identified as follows.
- With the empirical knowledge of the uniform bubble size, advances can
be made to disentangle the chord length distribution, bubble size and
possible bubble shapes. By using both single-tip optical fibres with an
improved tip shape (Cone-Cylinder-Cone, to more accurately measure
interface velocities irrespective of the piercing position) and an optical
fibre probe system which resolves the coherent beat frequency (which
only measures the velocity of a perpendicular approaching interface at
the centre of a bubble), it may be possible to find the range of aspect
ratios a wobbling bubble occupies.
- Investigate if chord length distribution measurements can be used for flow
regime identification as bubble break-up/coalescence and a poly-disperse
bubble size distribution is typical for a heterogeneous regime. Further
study is required on how chord length data can be used to obtain quanti-
tative parameters for validating CFD models dealing with variable bubble
sizes and/or population balances.
- Further interpretation of the Phase Indicator Functions (PIFs) may yield
more information on the homogeneity of the bubbly flow by analyzing
inter-bubble arrival/departure times. Spectral analysis and/or applying
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a moving average filter to the PIFs (to obtain gas fraction fluctuations)
may be performed to investigate the unsteady behavior of the flow.
 The effects of a bi-modal bubble size distribution on the (homogeneity
of) the flow in terms of void fraction, bubble velocities and chord lengths,
will provide very useful material for CFD validation to assess the addi-
tional effects caused by a (well-known) dispersed bubble size on the model
predictions for bubble induced turbulence, lateral dispersion, and coales-
cence/breakup rates in combination with a population balance model.
On the smaller scale:
 More experiments are suggested to build a more universal parametrization
for the bubble size formed from a submerged needle, which also includes
the chamber volume (Nc) and operating condition PR, e.g.:
d∗ = f(Fr,Bo, vl/vg,Nc, PR) (7.1)
in order to more accurately describe the bubble diameter for systems with
a plenum chamber of a finite volume.
 Regarding the development of a single bubble train, more LDV experiments,
with a higher measurement density, in combination with void fraction mea-
surements (by using shadowgraphy), are necessary in order to parametrize
the coefficients in the Gaussian velocity profiles as a function of the liquid
co-flow velocity and gas flow rate. More experiments are required to inves-
tigate the possibility of drag reduction in a ”dense” bubble swarm, which
may occur in the Period-2 bubbling regime.
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